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ABSTRACT ' 
Shear Strength C h a r a c t e r i s t i c s , of C e r t a i n C o l l i e r y 
Discards with respect to Coal Remk 
This work forms part of the r e s e a r c h programme into 
the p r o p e r t i e s of c o l l i e r y d i s c a r d s undertaken i n Durham 
s i n c e the Aberfan d i s a s t e r of 1966. 
The d i s c u s s i o n r e l a t i n g to r e s i d u a l strength i n the 
paper ' C o l l i e r y S p o i l Tips - a f t e r Aberfan' was summed up by 
the authors, McKechnie Thomson and Rodin, with the words "The 
information c u r r e n t l y a v a i l a b l e on r e s i d u a l strength poses a 
number of questions and f u r t h e r studies are needed to c l a r i f y 
such f a c t o r s as the e f f e c t of normal pressure and magnitude 
of s t r a i n " . The current work attempts to c l a r i f y some of 
these problems. 
Large s t r a i n (1.5 to 2.5 metres t o t a l displacement") 
] 2 - i n c h shear-box t e s t s have been undertaken on s e l e c t e d 
samples from d i f f e r e n t National Coal Board c o a l f i e l d areas. 
A supplementary programme of t e s t s i n a 60ram shear-box were 
used to confirm the r e s u l t s of the large-sca,le t e s t s . 
S i m i l a r l y , a d d i t i o n a l t e s t s have been conducted at normal 
s t r e s s e s which are g e n e r a l l y higher than those customarily 
adopted f o r normal s o i l s t e s t i n g . 
The r e s u l t s show that a t low normal s t r e s s e s (80 
kN/m ), shear strength reduction i n most discards i s l i m i t e d 
(15 - 25 per cen t ) f o r a displacement of one metre. The 
exception i s extreme low rank m a t e r i a l from the West Midlands 
c o a l f i e l d , f o r which a strength reduction of over 40 per cent 
was obtained. 
T e s t s revealed a marked increase i n the r a t e of 
shear strength reduction f o r most discards at a normal s t r e s s 
2 2 value between 200 - ^00 kN/m . Above 500 kN/m increase i n 
the r a t e of breakdown i s l i m i t e d . 
C o r r e l a t i o n of shear strength c h a r a c t e r i s t i c s with 
the rank code number of the a s s o c i a t e d coal show generally 
negative r e s u l t s , the exception being extreme 'low rank' d i s c a r d 
from c o l l i e r i e s i n the West Midlands, S t a t i s t i c a l treatment 
of the r e s u l t s has revealed s i g n i f i c a n t c o r r e l a t i o n s between 
the shear strength p r o p e r t i e s and the grading parameters. 
I n p r a c t i c a l terms, v e h i c u l a r a c t i v i t y i s u n l i k e l y 
to cause shear planes to develop i n the majority of new or 
e x i s t i n g t i p s during emplacement or regrading operations. 
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CI-IAPTER 1 
INTRODUCTION 
1.1 The background of r e s e a r c h into c o l l i e r y d i s c a r d 
The f a i l u r e of Tip Bo. 7 a t .Aberfan i n I966. which 
caused extensive l o s s of l i f e , revealed the remarkable l a c k 
of knowledge concerning the fundamental p r o p e r t i e s of 
c o l l i e r y d i s c a r d . 
I t i s not conceivable that i n any other aspect of 
c i v i l engineering would such l a r g e earthworks be executed 
without even simple design methods being u t i l i s e d . However, 
c o l l i e r y t i p s were commonly constructed by t i p p i n g m a t e r i a l 
at i t s angle of repose. I t i s therefore s u r p r i s i n g that so 
few of the 2000 t i p s which have e x i s t e d i n t h i s country have 
given t r o u b l e . 
There.was an awareness i n South Wales f o r many 
years of the p o t e n t i a l dangers of the t i p s on the v a l l e y 
s i d e s (Knox, 1927). The Abercynon t i p f a i l u r e and f l o w - s l i d e 
preceeded the Aberfan d i s a s t e r by n e a r l y t h i r t y years, and 
was p o t e n t i a l l y as d e s t r u c t i v e (Bishop et a l , 1969). I t i s 
s u r p r i s i n g that the Abercynon f a i l u r e did not a t t r a c t more' 
a t t e n t i o n at the time. 
The Aberfan d i s a s t e r s t i r r e d p u b lic opinion, which 
r e s u l t e d i n Government a c t i o n through the Mines and Quarries 
( T i p s ) Act (1969). However, i t did not remain f o r t h i s Act 
to i n i t i a t e r e s e a r c h i n t o c o l l i e r y d i s c a r d . Soon a f t e r thei 
.-ijdlraaster _ 
Ataerfary, s i t e i n v e s t i g a t i o n s were i n i t i a t e d by the National 
Coal Board on what were thought to be other p o t e n t i a l l y 
dangerous t i p s . Such operations, although they answered the 
question o f the s t a b i l i t y of the t i p s concerned, provided 2 2MAR»974 SflTfON 
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l i t t l e information on any time-dependent changes i n c o l l i e r y 
d i s c a r d . I t was the opinion of Bishop et a l (1969) that 
some process of weathering or hydration was necessary to 
produce the low shear strength of the Aberf an shear plane. • 
Such- time-dependent changes could be the cause of i n s t a b i l i t y 
developing i n some t i p s . 
As a r e s u l t of the Aberfan d i s a s t e r , and i n the 
l i g h t of the r e s u l t s from s i t e i n v e s t i g a t i o n s , the National 
Coal Board (l970) drew up a s e t of b a s i c d e s i g n : r u l e s 
f o r a l l t i p s . J I t had been recognised that there were 
r e g i o n a l v a r i a t i o n s i n the mechanical properties of c o l l i e r y 
d i s c a r d , but these had not been adequately defined for .tip 
design to operate on a re g i o n a l b a s i s . 
1.2 Aims of t h i s r e s e a r c h 
P r i c e (1966) demonstrated a po s s i b l e c o r r e l a t i o n 
between the u n i a x i a l strength of some rocks from the South 
Wales coa l f i e l d and the probable maximum depth of b u r i a l of 
the rocks. Such a c o r r e l a t i o n , i f proved on a na t i o n a l b a s i s , 
would v a s t l y s i m p l i f y the task of c l a s s i f y i n g c o l l i e r y 
d i s c a r d s by t h e i r mechanical p r o p e r t i e s . The depth of b u r i a l 
of c o a l i s u s u a l l y r e f l e c t e d i n the coal c l a s s i f i c a t i o n system' 
known as coa l rank. (See s e c t i o n 1.5)-
A f u r t h e r i n d i c a t i o n of the po s s i b l e r e l a t i o n 
between the mechanical properties of d i s c a r d and coal rank 
was f i r s t observed about twenty years ago, when i t was 
noticed that some discard's broke down more r e a d i l y i n the 
washeries than others. Further work e s t a b l i s h e d a close 
c o r r e l a t i o n between the extent of breakdown and the rank of 
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the a s s o c i a t e d c o a l . (Berkovitch et a l , 1959; Taylor and 
Spears, 1970). 
The d i f f e r e n c e between the peak shear strength 
(39^°). and the r e s i d u a l shear strength (l8°).for the Aberfan . 
ma t e r i a l i n d i c a t e s a.n extensive change i n shear strength that 
r e s u l t s ; from considerable deformation. 
Extensive t e s t i n g has now e s t a b l i s h e d the range of 
peak shear strengths to be expected i n the B r i t i s h coal f i e l d s . 
This l i e s between about 25° and 40°. (McKechnie Thomson and 
Rodin, 1972). Far l e s s work has been done concerning r e s i d u a l 
shear s t r e n g t h s , and there i s considerable v a r i a t i o n -in • 
the r e s u l t s which have been obtained. I t was hoped that 
during t h i s r e s e a r c h the order of r e s i d u a l shear strength and 
the magnitude of the displacements involved would be more 
a c c u r a t e l y determined. 
One of the p o s s i b i l i t i e s that has been considered i n 
t h i s research, programme concerns the r e - a c t i v a t i o n of pre-
e x i s t i n g shear s u r f a c e s . I t i s f a i r l y c l e a r t h a t ' a t L i t t l e t o n 
t i p regrading operations caused such a r e - a c t i v a t i o n . * I n the 
fnature many t i p s are l i k e l y to be regraded and we must 
therefore consider the f a l l - o f f i n shear strength under the 
l i k e l y . ' normal s t r e s s e s which may be a p p l i c a b l e . For t h i s • 
purpose many of the large shear-box t e s t s have been c a r r i e d 
out at a normal s t r e s s corresponding to about 5 metres of 
overburden. 
* At L i t t l e t o n the i m p l i c a t i o n was that a small displacement 
(0.5 to 1.0 metres) might w e l l reduce the shear strength to 
a r e s i d u a l s t a t e . (Durham Annual Report to National Coal 
Board, 1972). 
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1.5 Coal Rank 
Coal rank i s one of- the methods of c l a s s i f y i n g c o a l . 
The term.is e s s e n t i a l l y q u a l i t a t i v e . , The c l a s s i f i c a t i o n i s 
based on the stages of - c o a l i f i c a t i o n . L i g n i t e , which i s a 
very low l e v e l form of c o a l , which has.a very h i g h ' v o l a t i l e ' 
content, i s known as a low rank c o a l . The bituminous coals 
are of medium rank, while a n t h r a c i t e , which has a very low 
v o l a t i l e content, i s the highest rank of coal.' The process 
of c o a l i f i c a t i o n . r e q u i r e s e i t h e r pressure and/or temperature, 
which a r e . u s u a l l y the r e s u l t of b u r i a l , . 
I t has been shown (Teichmuller and Teichmuller,1968), 
that there i s an almost l i n e a r decrease i n the v o l a t i l e 
content of co a l as the depth of b u r i a l i n c r e a s e s . The same 
authors have a l s o shown that the density of the a s s o c i a t e d 
s h a l e s i n c r e a s e with depth of burial." 
Unfortunately, a c l a s s i f i c a t i o n of coal based only' 
on the content of v o l a t i l e s i s of l i t t l e commercial importance. 
I n B r i t a i n , the co a l rank c l a s s i f i c a t i o n system used i s based 
both on the v o l a t i l e content and the caking pro p e r t i e s , the 
l a t t e r being determined by the Gray-King Assay. 
The t a b l e i n Figure 1.1 shows the arrangement of the 
B r i t i s h c o a l rank c l a s s i f i c a t i o n system. This shows that 
although the rank code numbers do in c r e a s e o v e r a l l with the 
i n c r e a s e i n v o l a t i l e s , there are groups i n the rank coding 
where'the v o l a t i l e content remains constant and the coking 
p r o p e r t i e s vary. I t should be noted that the rank coding i s 
i n v e r s e i n as much as a n t h r a c i t e , which i s a high rank coal,, 
has the lowest rank code number. 
Such a rank coding system hinders attempts to 
c o r r e l a t e d i r e c t l y between the rank codes and the mechanical 
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Gray-King 
Type 
G9 1 
G7 
G5 
Coking steam 
J medium caking" 
^5 1 203 
Gl 
G 
F 
E 
D • 
C . 
B , 
A 
Coking steam 
s t r o n g l y caking 
204 
Coking steam 
weakly caklrrg 
202 
S c o t t i s h 
Navigation 20^ 
Dry steam 201 V Anthracite 
100 
a l b 
Coking 
c o a l 
301 
I S c o t t i s h 
I medium 
I v o l a t i l e 
I 500 
li li I 
•V^ ery strongly caking 400 
403.4011 )1  
strongly caking 500 
501 
502 
Medium, caking 600 
601 602 
Weakly 
701 
caking 700 
702 
Very weakly caking 800 
801 I 802 
Non caking 900 
901 I 902 
10 20 30 
% V o l a t i l e matter -
40 50 
Anthracite Low v o l a t i l e Medivim 
steam v o l a t i l e 
100 200 300 
High v o l a t i l e 
400 - 900 
The arrangement of the Bri t ish 
Coal Rank Classif ication System 
Figure 1.1 
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p r o p e r t i e s , as the rank coding i s not d i r e c t l y dependent on 
the. v o l a t i l e content. 
1.4 Shear Strength C h a r a c t e r i s t i c s 
Most work i n s o i l mechanics concerning peak and 
out 
r e s i d u a l shear strengths has been carried/(on the f i n e r 
standard 
m a t e r i a l s such aa c l a y ajid sand, The/Ctesting procedures f o r 
these mechanical p r o p e r t i e s have consequently been based om 
the experience with such m a t e r i a l s . 
I t has been recognised that c o l l i e r y d i s c a r d cannot 
be completely s a t i s f a c t o r i l y t e s t e d i n accordance with B r i t i s h 
Standard No, 1577 (1967), and the National Coal Board (1969) 
has produced a t e c h n i c a l memorandum which adapts some of the 
standard t e s t s f o r use with c o l l i e r y d i s c a r d . 
With re s p e c t to c o l l i e r y d i s c a r d l i t t l e consideration, 
however, seems to have been given to the relevance and 
s i g n i f i c a n c e of the standard mechanical t e s t s . 
Drained peak shear strength i s one parameter which 
i s r e l e v a n t . I n c l a y s and f i n e aggregates of sand s i z e s i t i s 
u s u a l l y w e l l defined i n shear-box t e a t s , but with c o l l i e r y 
d i s c a r d s i t may be necessary to provide a much l a r g e r s t r a i n 
before peak shear s t r e n g t h i s a t t a i n e d . When-reached, t h i s 
c o n d i t i o n may w e l l be marked by no f u r t h e r increase ini shear 
strength, r a t h e r than a s i g n i f i c a n t decrease. 
I t i s with r e s i d u a l shear s t r e B ^ h that care needs 
to be taken when t e s t i n g c o l l i e r y d i s c a r d . With c l a y the 
drop i n shear strength from peak to r e s i d u a l i s commonly very 
r a p i d , and r a r e l y r e q u i r e s s t r a i n s i n excess of a few tens of 
percent. I n most of the post-Aberfan t i p i n v e s t i g a t i o n s , f o r 
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which some r e s i d u a l t e s t s were performed, the s t r a i n s involved 
r a r e l y exceeded one hundred percent.* This r e s u l t e d i n some 
unusual r e s u l t s . Many of those t e s t s determined that there 
waa a l i m i t e d drop i n shear strength a f t e r such a displacement, 
but to c a l l the f i n a l value the " r e s i d u a l • shear s t r e n g t h " 
would now be questionable. 
I t i s the w r i t e r ' s opinion that the use of r e s i d u a l 
shear s t r e n g t h should be reserved f o r a f u l l y developed s i n g l e 
shear plane, f o r t h i s w i l l be the condition of lowest shear 
grained 
strength. I n fine^^materials such as c l a y s the fully-developed 
shear plane r e q u i r e s only a small s t r a i n to ensure i t s f u l l 
development, f o r a l l that i s required i s a s l i g h t remoulding 
of the components of the e x i s t i n g m a t e r i a l . 
I t i s a w e l l - e s t a b l i s h e d f a c t that shear planes can 
develop i n c o l l i e r y d i s c a r d , f o r specimens have been removed 
from f a i l e d t i p s . Such shear planes, when t e s t e d i n the 
labo r a t o r y , have angles of i n t e r n a l shearing r e s i s t a n c e in:, 
the order of 18°-20°. (Bishop et a l , 1969; Taylor, 1973). Yet 
most laborat o r y t e s t s on t i p m a t e r i a l have g i v e n . " r e s i d u a l " 
values w e l l above t h i s . 
The p r o b a b i l i t y i s that i n few of these t e s t s have 
the displacements been s u f f i c i e n t f o r a shear plane to 
develop, and the " r e s i d u a l " shear strength quoted was the 
value a t which the shear strength apparently s t a b i l i s e d . 
*e.g. National Coal Board i n t e r n a l r e p o r t s : Wimpey Central . 
Labo r a t o r i e s s i t e i n v e s t i g a t i o n r e p o r t s : - Sherwood C o l l i e r y ; 
E l s e c a r C o l l i e r y ( 2 ) ; Mynydd Brithwaunydd C o l l i e r y ; Western 
C o l l i e r y , Nant-y-Moel. 
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1.5 Breakdown Mechanisms 
For a shear plane jto become e s t a b l i s h e d , there needs 
'•-•-(.e.g.. <: 200BiS.) r 
to be a zone of f i n e ^ m a t e r i a l i n which two r e l a t i v e l y smooth, 
d i s c r e t e s u r f a c e s can develop. C o l l i e r y d i s c a r d i s generally 
a well-graded m a t e r i a l with the l a r g e s t p a r t i c l e s being up to 
about 100 mm ac r o s s , and often l e s s than ten percent of the 
ma t e r i a l passes the 75 micron) (B.S.No, 200) s i e v e . Further 
breakdown towards fundamental p a r t i c l e s i z e w i l l need to take 
place before a shear plane can develop. 
When shearing m a t e r i a l s such as c o l l i e r y d i s c a r d , 
the w r i t e r f e e l s that the concept of a shear "zone" would be 
more s u i t a b l e than the conventional shear plane p r i n c i p l e . * 
This concept r e q u i r e s that f o r much of the shearing process • 
there i s no d i s c r e t e shear plane. Instead, movement w i l l 
take place along the weakest path i n a zone around the l i n e 
of enforced shearing a c t i o n . Further displacement may a f f e c t 
the m a t e r i a l i n t h i s zone so that the shear movement may take 
place along a more d i r e c t path. 
I t has been recognised that the reduction of shear 
strength i n c o l l i e r y d i s c a r d s i s the r e s u l t of a comminution 
process. (Taylor, 1975). This process probably has two 
separate c o n s t i t u e n t s : 
( i ) I h t e r - p a r t i c l e a t t r i t i o n due to movement; 
( i i ) P a r t i c l e breakdown under s t r e s s . 
* For the L i t t l e t o n t i p f a i l u r e i n 1970 i t was observed that 
p a r t i c l e s had been rounded i n response to the movement f o r 
a d i s t a n c e of up to 4.5 nun e i t h e r side of the shear plajie. 
( T a y l o r ,.1973) 
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Process ( i ) w i l l be b a s i c a l l y a fun c t i o n of displacement, 
the r a t e of a t t r i t i o n perhaps i n c r e a s i n g as the normal s t r e s s 
across the shear zone i n c r e a s e s . Process ( i i ) w i l l be very 
dependent on the s t r e s s l e v e l s around the shear zone. For 
a sheaf-box t e s t t h i s depends on the v e r t i c a l loading, w h i l s t 
i n a t i p the height w i l l be the governing f a c t o r . 
The f i n a l development of a complete shear plane may 
be preceeded by the establishment of separate l o c a l shear 
planes i n parts of the shear zone where s u f f i c i e n t f i n e . 
m a t e r i a l has been generated. I f these develop, then much 
grea t e r shear s t r e s s e s w i l l be concentrated on the inter v e n i n g 
regions, which can r e s u l t i n r a p i d breakdown ( e s p e c i a l l y by 
process ( i i ) ) , l e a d i n g to the establishment of a s i n g l e 
complete shear plane. 
Most shear-box t e s t s are c a r r i e d out i n the normal 
s t r e s s range below that required f o r s i g n i f i c a n t breakdown as 
a consequence of normal s t r e s s alone to take place. Thus the 
a t t r i t i o n process alone w i l l be a v a i l a b l e f o r the generation 
of f i n e m a t e r i a l ( i . e , fragments moving towards fundamental 
p a r t i c l e s i z e s ) . With the conventional r e v e r s i n g shear-bo:?c. 
the f i n e m a t e r i a l tends to escape from the shear zone through 
the gap s e p a r a t i n g the two halves of the shear-box. This can 
r e s u l t i n the condition being reached when the f i n e m a t e r i a l 
i s l o s t as r a p i d l y as i t i s formed, t h i s equilibrium condition 
g i v i n g r i s e to an apparent " r e s i d u a l " shear strength condition. 
1,6 S e l e c t i o n of Samples 
The requirement was f o r a re p r e s e n t a t i v e s e l e c t i o n 
of samples throughout the range of coal rank. The matter of 
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from which region each sample was to be obtained was decided 
by the National Coal Board. 
The samples were as f o l l o w s : 
Rank 101: Cynheidre washery (West Wales area) 
m a t e r i a l from the B i g Vein seam. Coal f l o o r s and 
mudstone roof; 
Rank 501: Morrison Busty washery (North Durham area) 
m a t e r i a l from the Harvey Seam ( N ) . 10^ roof, 605^  
band, 30^ f l o o r ; 
Rank 502: Bersham c o l l i e r y (Northwestern a r e a ) 
m a t e r i a l from the Prince and Queen'Seams. 75 
band of mudstone and 'J^mm of f i r e c l a y f l o o r ; 
Rank 600: Easton c o l l i e r y ( S c o t t i s h South area) 
m a t e r i a l from Wilsontown Main Coal Seam. 200 mm of 
d i r t from roof and bands i n seam; 
Rank 700: Askern c o l l i e r y (Doncaster area) 
m a t e r i a l from the Warren House (Barnsley) Seam. 
Proportions of roof and f l o o r not estimated; 
Rank 802: O l l e r t o n c o l l i e r y (North Nottinghamshire area) 
m a t e r i a l from the Top Hard Seam..15^ mudstone 
s e a t e a r t h , 20^ d i r t bands; 
Rank 902: B i r c h Coppice c o l l i e r y (South Midlands area) 
. m a t e r i a l from the Bench and Top Bench Seams. 609^  
f l o o r , 409S roof. 
I n a d d i t i o n , during the period of the research, • 
m a t e r i a l from T i p No.3 at Orgreave c o l l i e r y (South Yorkshire 
a r e a , Ranac-' 502) was t e s t e d dim cormection-i with engineering 
works t a k i n g plaee there.- R e s u l t a from::-the t e s t s OEC. thfia 
m a t e r i a l are included as they provide a comparison between 
ex-washery and t i p m a t e r i a l . 
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CHAPTER 2 -
EXPERIMENTAL TECHWIQTJES . 
2.1 Geochemistry and mineralogy 
A l l seunples were subjected to chemical and 
mi n e r a l o g i c a l a n a l y s i s . The purpose of t h i s was to i d e n t i f y 
any c o n s t i t u e n t s which could a f f e c t the shear strength 
p r o p e r t i e s . I n ad d i t i o n , the samples could be compared with 
previous work on c o l l i e r y d i s c a r d s . A small portion of each 
sample was d r i e d and ground to a f i n e powder i n a tungsten 
carbide d i s c m i l l . 
The chemical analyses were performed using a Philips. 
PW 1212 Automatic Sequential Analyser. X-Ray Fluarescence (XRP) 
machine. Part of each ground sample was formed into a small 
p e l l e t s u i t a b l e f o r t e s t i n g by the machine. The sample i s 
i r r a d i a t e d with a monochromatic X-ray beam. The constituent 
elements i n the sample f l u o r e s c e a t c h a r a c t e r i s t i c frequencies, 
and the i n t e n s i t y of t h i s f l u a r e s c e n c e permits the elemental 
concentration to be c a l c u l a t e d by comparison with s e l e c t e d 
standards. These standards have been p r e v i o u s l y analysed by 
wet chemical methods. The output from the analyser i s - i n the 
form of r a d i a t i o n i n t e n s i t i e s at c e r t a i n frequencies. A 
computer program has been developed which reduces t h i s data 
to elemental concentrations, and a l s o c o r r e c t s f o r absorption. 
(Holland and Brihdle,1966). The r e s u l t s , except f o r sulphur, 
are expressed i n the combined oxide s t a t e . 
Samples f o r min e r a l o g i c a l a n a l y s i s were prepared by 
mixing 0.45 greims of the ground m a t e r i a l with 0.045 grams of 
boehmite, which was used as an i n t e r n a l standard. A f i n e 
l a y e r of t h i s mixture was then spread onto a small g l a s s plate. 
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to produce a smear.amount. For t h i s , acetone was used as'a 
d i s p e r s i n g agent, f o r i t s high v o l a t i l i t y i n h i b i t e d p a r t i c l e 
r e - o r i e n t a t i o n . 
The samples were then examined i n a P h i l i p s PVf 1130 
21i:W X-ray d i f f r a c t o m e t e r (XRD) machine, using i r o n - f i l t e r e d 
cobalt r a d i a t i o n . The r e s u l t s appeared as a d i f f r a c t i o n 
chart of counts per second against d i f f r a c t i o n angle. I n order 
to determine expandable mixed-layer c l a y minerals the samples 
were t r e a t e d with ethylene g l y c o l f o r 24 hours and then 
re-examined. The b a s i s of t h i s method i s that the ethylene 
g l y c o l i s absorbed in t o the ba s a l l a t t i c e of the expandable 
c l a y s , thus a l t e r i n g t h e i r d i f f r a c t i o n p r o p e r t i e s . 
The d i f f r a c t i o n t r a c e s were i n t e r p r e t e d by measuring 
the peak areas of d i a g n o s t i c r e f l e c t i o n s (d-spacings), u s i n g 
a polar planimeter. Using curves previously prepared a t Durham, 
quanti.tive assessments were made of mineral by comparing the 
peak areas with the area of the peak due to the boehmite 6. I l l 
r e f l e c t i o n . 
Carbon was determined u s i n g the absorption method 
(Groves., 1951). This method invol v e s the decomposition of 
any carbonates by orthophosphoric a c i d and the absorption of 
the p u r i f i e d CO^ on s e l f - i n d i c a t i n g s o f n o l i t e . The organic 
carbon i s then o x i d i s e d to CO2 by orthophosphoric and chromic 
a c i d s , and the gas i s again absorbed on s o f n o l i t e . 
2.2 12-inch shear-box t e s t s 
2..2.1 Box modifications 
Large s t r a i n shear t e s t s were conducted on samples 
pa s s i n g a 57.5mm s i e v e . A modified P a r n e l l type 505 12 inch 
-13- .J G: < 
«/) Z bJ > 
0 J- z 
{= O 
o 
o < 
< 
iS. 
Aw 
o 
o 0 2 
< yj 
(A 
1&. q: 
X 
o 
m 
< 
if) 
U 
Z 
^1 
< 
U 
Ls. 
O 
1 
X I/) 
< 
< 
a 
CJ3 
D i 
--'if 
' F i g u r e 
-14-
a: 
y) 
2 " '. UJ 
^ § 
O a it tA 
3^ lU O 
ui o: 
o 
Figu re 2-2 
-15--
shear-box was used. This shear-box had been designed for the 
eva l u a t i o n of peak strength of aggregates, and had to be . 
e x t e n s i v e l y modified before i t was s u i t a b l e f o r l a r g e -
s t r a i n shear t e s t s . These modifications are b r i e f l y described, 
and are i l l u s t r a t e d i n F i g u r e s 2,1 and.2,2. ... • 
. A s d e l i v e r e d , the d r i v e motor of the shear-box was 
r e v e r s i b l e , , but the t h r u s t ram was not r i g i d l y attached to the 
lower h a l f of the box. Consequently, the box was not drawn 
back when the motor was reversed. A new th r u s t ram was 
manufactured with a flange a t the end adjacent to the box.-
This was f i r m l y attached to the box with high t e n s i l e s t e e l 
b o l t s . The new ram was o-iso designed i n order to provide a 
longer t r a v e l (40mm i n s t e a d of 25mm). There were.two reasons, 
f o r t h i s : • 
( i ) To i n v e s t i g a t e f u r t h e r the r i s i n g shear force 
observed towards the end of runs i n pre.vio'uB t e s t s . * 
( i i ) To i n c r e a s e the o v e r a l l displacement obtained 
i n a t e s t s e r i e s . Half of t h i s w i l l be forward t r a v e l , 
which i s monitored. 
The gear-box housing the t h r u s t ram had to be 
extended to accomodate the longer ram. This was achieved 
by p l a c i n g a tubular c o l l a r on the side of the gear-box away 
from the t h r u s t ram. The th r u s t bearing f o r the proving r i n g 
was then mounted on t h i s c o l l a r . 
I n order to obtain shearing of the sample upon 
r e v e r s a l of the box i t i s necessary to r e s t r a i n movement of 
the upper h a l f of the box. To achieve t h i s , a bracket was 
mounted on the s t r u c t u r a l framework of the apparatus adjacent . 
to the centre of the loading yoke crbsshead. A large s t e e l 
b o l t was screwed through t h i s bracket to bear against the. 
•Durham Annual Report to N.C.B., 1972 | 
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crosshead. This b o l t provides a means of s e t t i n g the proving 
r i n g to zero before the s t a r t of each run. 
Also necessary to ensure shearing of the sample, 
when the box was reversed was some packing between the lower 
h a l f of the shear-box and the s i d e of the watei;;reservoir 
away from the t h r u s t ram. 
A problem r e s u l t i n g from l a r g e s t r a i n r e v e r s i n g 
shear t e s t s i s the escape of m a t e r i a l through the separation 
between the two halves of the box. Ma t e r i a l i s i n i t i a l l y 
trapped on the flanges a t each end of the box due to the 
r e v e r s i n g a c t i o n . This, i n c r e a s e s the separation of the. two 
parts of the box, through which a s i g n i f i c a n t part of the 
sample, may escape during the course of many runs. 
An attempt has been made to minimise t h i s problem 
by the f a b r i c a t i o n of a yoke which can be tightened down on 
the end of the upper h a l f of the shear-box away from the 
t h r u s t ram. This was done:during the r e v e r s a l of the box, 
when no readings were taken. T h i s eliminated f u r t h e r l o s s 
of m a t e r i a l during r e v e r s a l , and a l s o f o r c i b l y reduced the 
sep a r a t i o n between the two halves of the box. The yoke was 
r e l e a s e d before the s t a r t of the forward runs. 
L i n e a r v a r i a b l e d i f f e r e n t i a l transformers ( L V D T ' S ) 
were attached to the d i a l gauges which measured the proving 
r i n g compression and the v e r t i c a l movement of the sample. 
These movements were thus reicorded on a Rlkadenkl B26l two 
channel pen recorder. T h i s enabled the apparatus to be run 
without constant s u p e r v i s i o n . 
-17-
2.2.2 Experimental procedure 
I n order to reduce the amount of sample required, 
two 25mm t h i c k s t e e l bars were placed below the lower p l a t e 
of the shear-box. This s t i l l l e f t 50mm of mat e r i a l below the 
p o t e n t i a l shear plane, which was considerably greasier than 
the t h i c k n e s s of any p o s s i b l e shear zone. Penman (1971) 
s t a t e s that the maximum p a r t i c l e s i z e to be te s t e d i s between 
1/4D and 1/6D, depending on grading, where D i s the s m a l l e s t 
dimension of the t e s t specimen. Using t h i s c r i t e r i o n , the 
t e s t i n g of m a t e r i a l up to 37=5n>m i n s i z e cannot be j u s t i f i e d . 
' The s i e v i n g analyses (Figure 3.2) show that the well-graded nature 
of the m a t e r i a l t e s t e d r e s u l t e d i n no more. than 40 per cent of 
T 
,' any sample being r e t a i n e d on a 10mm s i e v e . Such a p a r t i c l e s i z e 
, d i s t r i b u t i o n reduces the p o s s i b i l i t y of a concentration of large 
m a t e r i a l i n the t e s t specimen, which could r e s u l t i n an enhanced 
shear strength.. _ 
ol' _ . : The s l i g h t l y reduced sample thickness 
decreased the settlement due to consolidation, thus reducing 
the downwards movement of the shear zone during the f i r s t 
few runs. 
I t was found impossible to s a t i s f a c t o r i l y compact 
some of the samples to t h e i r optimum density without causing 
e x t e n s i v e breakdown. McKechnie Thomson and Rodin (1972) have 
shown that the e f f e c t of i n i t i a l density on peak shear 
s t r e n g t h i s very l i m i t e d . Figure.2.3 r e l a t e s the i n c r e a s i n g 
d e n s i t y to the shear strength f o r a s e r i e s of t e s t s on one 
of the samples. 
On occasions, sample co n s o l i d a t i o n during the f i r s t 
few runs of a t e s t s e r i e s was such that f u r t h e r m a t e r i a l had 
-18-
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to be added i n order to r e t a i n a s a t i s f a c t o r y sample thickness. 
A pre-loading technique was used f o r the shear-box 
t e s t s . T h i s Involved t e s t i n g one sample at d i f f e r e n t normal 
s t r e s s e s , r a t h e r than the t e s t i n g of separate samples. With 
the time a v a i l a b l e and the displacements Involved, the l a t t e r 
method would have been i m p r a c t i c a b l e . The method used provides 
only one point f o r the estimation of peak strength, 
but a f a i l u r e envelope caji be produced f o r a known displac'emenrt 
by performing s u c c e s s i v e runs, a t d i f f e r i n g normal s t r e s s e s . 
I t i s apparent from the r e s u l t s (eag. Jigure 5,28) 
that the m a t e r i a l i s capable of gaining maximum shear strength 
during the run immediately f o l l o w i n g an inc r e a s e i n normal 
s t r e s s . I t was the p r a c t i c e to a l t e r the normal s t r e s s before 
the box was reversed f o l l o w i n g the orwardj run. S i m i l a r l y j 
i t has been found that t e s t specimens .^recovered: from:- a 
reduction i n normal s t r e s s i n a . s i m i l a r period. An example 
of t h i s i s drawn from the 60mm shear-box t e s t r e s u l t s . For 
one sample (Bersham) the normal s t r e s s was reduced from 160 
2 
to 65-4 kW/m . Four s u c c e s s i v e runs then gave shear s t r e s s 
values of 39.5, 40.0, 42.6 and 57.-2 kN/m^. 
McWilllam (personal communication:; a l s o Durham Annual 
•Report to National Coal Board, 1972), compared 12-lnch shear-box 
and'4-inch t r i a x i a l r e a u l t s f o r m a t e r i a l from I s a b e l l a s p o i l heap 
i n Northumberland. I t was found that f o r low confining 
pressures ( l e s s than 200 kN/m ) , the r e s u l t s were compatible. 
T r i a x i a l t e s t s were performed on the two extreme rank samples 
of the present s e r i e s of t e s t s . L i n e a r r e g r e s s i o n r e s u l t s 
gave: 
Cynheidre: ^'=56° f o r c'=0; 
B i r c h Coppice: |iJ'=54.3° f o r c'=0. 
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Corresponding shear-box r e s u l t s f o r the i n i t i a l peaks were 
37.3° and 35.3°» using the 12-inch shear box. 
Once developed, the t e s t i n g c y c l e became: I4 runs 
(about 1.1 metres t o t a l displacement) at a normal s t r e s s , of 
80.3 kN/m ; then 7 runs a t each of I6O.3 and 240-3 kN/m . 
For some samples one run was made at a f u r t h e r increased 
normal s t r e s s before the unloading c y c l e commenced. This 
involved one run only a t each increment of unloading. Some 
t e s t s were discontinued before the f u l l c y c l e ,had been 
completed because of the l o s s of m a t e r i a l between the two 
halves of the box. Those samples with which this•happened 
are mentioned i n the r e s u l t s . 
When the sample was removed from the shear-box, 
_ ^ t h a n 
a portion lessj^lO centimetres t h i c k was removed from the 
centre of the sample f o r the p a r t i c l e s i z e d i s t r i b u t i o n t e s t . 
This m a t e r i a l was s e l e c t e d so that i t would include the 
. region where m a t e r i a l breakdown as a r e s u l t of the shearing 
.should be present. This sample was a l s o inspected f o r any 
evidence of shear plane or shear zone development. 
Since a permanent record of the r e s u l t s was produced 
by the pen recorder, complete runs could be made without 
s u p e r v i s i o n . One feat u r e of the shear-box as supplied by 
the manufacturer was a micro-switch mounted adjacent to the 
t h r u s t ram. This micro-switch stopped the drive motor when 
the t h r u s t ram reached -the end of i t s t r a v e l i n e i t h e r - • 
allowed 1 
d i r e c t i o n . . This f a c i l i t y ..i.J!^. overnight runs to be made without 
f e a r of damage to the shear-box. By the r a p i d r e v e r s a l of the 
shear-box a f t e r the forward runs, i t was p o s s i b l e to make 
two complete t e s t i n g c y c l e s i n a 24-hour period. During.the 
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day a. forward run was made at .a s t r a i n r a t e of O.lmm/minute.. 
This was followed by r a p i d r e v e r s a l of the -box at the highest 
p o s s i b l e speed (2mm/min). Another forward run was then made 
overnight a t a s t r a i n r a t e of 0..05mm/minute. 
During some of the t e s t s a pore-pressure monitoring 
system was arranged. This c o n s i s t e d of a pressure transducer 
which was connected to a pressure sensor which was placed i n 
the sample c l o s e to the a n t i c i p a t e d shear zone at the time of 
loading the shear box. The arrangement l a shown d i a g r a m a t l c a l l y 
i n F i g u r e 2.4(a). The pressure transducer was c a l i b r a t e d 
w ith a standard pressure gauge. The c a l i b r a t i o n curve i s ' 
i l l u s t r a t e d i n F i g u r e 2.4(b). I t can be seen t h a t the response 
of the pressure transducer i s ; l i n e a r , The maximum 
r e s o l u t i o n of the d i g i t a l voltmeter used was 0.1 m i l l i v o l t s ' , 
which meant that pressure v a r i a t i o n s of greater than 2kIT/m 
could be detected. This was l e s s than 5 per cent of the 
lowest normal s t r e s s most"frequently used f o r t e s t i n g , and' 
was thus capable of I n d i c a t i n g any moderate pore-pressure 
buildup. 
Tests showed that long-term d r i f t was a greater 
problem than any short-term changes i n pore-pressure. I t . 
was found that even at the high s t r a i m r a t e s present during 
the r e v e r s a l of the box the pore-pressure buildup was very 
l i m i t e d r I t was concluded that at the s t r a i n r a t e s used 
during the forward i?uns the e f f e c t of any l i m i t e d pore-
pressure development on the shear strength would be 
using 
n e g l i g i b l e . The p r a c t i c e of j^tvo d i s t i n c t l y d i f f e r e n t s t r a i n 
r a t e s f o r the forward runs provided an o v e r a l l method of 
monitoring the pore pressure. During no t e s t s e r i e s was 
any v a r i a t i o n i n shear strength corresponding to the 
-'•Less than the d r i f t 
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d i f f e r e n t s t r a i n r a t e s observed.-
The chart output from the pen recorder was used 
to provide data input f o r a specially-developed, computer 
program which p l o t t e d stress-displacement curves f or a 
complete s e r i e s of t e s t s . ' ' ' The r a t i o (shear s t r e s s / 
shear^ 
normal s t r e s s ) ie pioirteS i n s t e a d of)[stress so that runs 
at d i f f e r e n t normal s t r e s s e s can be pl o t t e d on the same 
graph f o r comparison. 
The program (Appendix l ) i s provided with the 
coordinates of points a t r e g u l a r i n t e r v a l s along the s t r e s s 
l i n e p l o t t e d by the pen recorder, and a l s o with conversion 
f a c t o r s r e l a t i n g the coordinate system to the shear force 
and the displacement. Sets of data f o r each run are used, 
to provide a complete s e t of r e s u l t s . I n order to make the. 
r e s u l t i n g p l o t as compact as p o s s i b l e , the gaps i n the 
stress-displacem e n t curve due to the r e v e r s a l s a r e l e f t out 
( i . e . forward t r a v e l s only are p l o t t e d ) . 
No c o r r e c t i o n has been made i n the c a l c u l a t i o n s 
f o r changes i n area. The r a t i o shear s t r e s s / normal s t r e s s 
i s independent of area changes as these would be applied to 
both q u a n t i t i e s . However, Petley(l966) has shown that f o r 
even a one-third reduction i n area, only a 5 per cent 
c o r r e c t i o n to the shear strength would be i n order. 
I t i s f e l t that the other unknowns i n shear-box. 
t e s t s , e s p e c i a l l y the i n t e r a c t i o n of the t r a i l i n g edge of 
the box with the sample, outweigh^'any b e n e f i t s derived froin 
an area c o r r e c t i o n . I t i s i n c i d e n t a l that the above e f f e c t 
seems to provide an apparent i n c r e a s e i n strength, which 
i s balanced by the decreasing area of sample being sheared. 
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2.2.5 Use of a load c e l l f o r shear force measurement. 
Flexure of the proving r i n g means that the s t r e s s 
record p l o t t e d by the pen recorder i s not a true s t r e s s -
.strain.curve. The d i f f e r e n c e i s .only pronounced at the s t a r t 
of each run when most of the applied displacement i s taken ' 
up by compression of the proving r i n g as the shear s t r e s s 
b u i l d s up. 
I f compression of the proving r i n g could be 
eliminated, then the pen recorder would produce a true s t r e s s -
s t r a i n curve. Such a.condition cannot be e a s i l y f u l f i l l e d . 
However, a load c e l l of a s u i t a b l e range would only require 
a compression of about an order of magnitude lower than the 
equivalent proving r i n g . 
Such a load c e l l was obtained (Transducers (CEL) 
Ltd type CM48 LR). This was s u b s t i t u t e d f o r the" proving 
r i n g a f t e r modifications to the. mountings. An immediate 
r e s u l t was an apparent"increase i n the shear strength of the 
m a t e r i a l being t e s t e d . Tests u s i n g the load c e l l and then a 
proving r i n g on successive, runs e s t a b l i s h e d that the load 
c e l l was producing r e s u l t s about 50 per cent too high (Figure 
5.12). 
Tests i n a Denlson compression machine proved the 
load c e l l to be very accurate i n the v e r t i c a l p o s i t i o n . I t 
was concluded that the design of the load c e l l r e s u l t e d i n 
i n c o r r e c t readings i n the h o r i z o n t a l mode. The device was 
returned to the manufacturers, who agreed to modify i t . 
A f t e r r e t u r n from the manufacturers, the load c e l l 
was again f i t t e d to the shear-box. The r e s u l t s are shown.In 
F i g u r e 5.8. I t was apparent that not only was the load c e l l 
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s t i l l p roviding over-estimations of shear strength, but also'that 
the m a ^ i tude of the e r r o r v a r i e d with the s t r e s s l e v e l 
involved. The load c e l l was therefore removed pending 
f u r t h e r c o n s u l t a t i o n s with the manufacturers, who are s t i l l 
attempting to account f o r the phenomenon. 
2«3 60mm shear-box t e s t s 
These t e s t s were performed i n a standard 60mm 
r e v e r s i n g shear-box. 
The s t r a i n r a t e used was 0.06mm/minute, which was 
compatible with the lower s t r a i n r a t e used f o r the large 
shear-box t e s t s . No automatic recording was f i t t e d to the 
butt. 
small s h e a r - b o x ^ few manual readings were taken, however, as 
the main point of i n t e r e s t was the shear strength a t the end 
of each run. 
The m a t e r i a l used f o r these t e s t s was sieved from the 
main sample such that only m a t e r i a l passing a 1200 micron 
(No. 14 B S ) , but r e t a i n e d on a 6OO micron ( N C 25 B S ) s i e v e . 
was used. This made the breakdown of ma t e r i a l more noticeable. 
For a l l samples a t l e a s t 30 runs ( g i v i n g a t o t a l displacement 
of about 0.5 metres) were performed a t a normal s t r e s s of 
133.7 kN/m . Further runs then took.place a t increased 
normal s t r e s s , and f i n a l l y an unloading c y c l e took place i n 
a s i m i l a r manner to that described f o r the 12-inch shear-box, 
A portion of the sample was r e t a i n e d .for the 
s i e v i n g a n a l y s e s . The e n t i r e thickness of the sample was used 
f o r t h i s t e s t . At the same time the sample was inspected 
f o r shear plane and shear zone development. 
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When the basic series of tes t s had been performed on 
a l l the samples, f u r t h e r experiments were conducted on 
selected samples to i n v e s t i g a t e the e f f e c t of normal stress 
on the r a t e of reduction of sheat strength. The material 
used f o r these t e s t s was of the same narrow size range as 
f o r the e a r l i e r t e s t s . 
Also performed were some tes t s to es t a b l i s h the . 
shear stre n g t h of int a c t . p i e c e s of shale. For these t e s t s 
selected small pieces of shale were cleaned. A special 
mould 60mm square and 23inin deep was manufalctured. Also a 
block 60mm square and 12.5min t h i c k was obtained. The block 
was placed i n the bottom of the mould, and then h a l f of the 
piece of shale was cast i n t o a 12.5mni t h i c k layer of dental 
p l a s t e r placed over the block. When t h i s had set, the block 
was removed and the upper surface of the p l a s t e r was coated 
w i t h grease. A f u r t h e r layer of p l a s t e r was then cast 
over t h i s . This method successfully held the shale sample 
between the two pieces of p l a s t e r , while l e a v i n g a d i s t i n c t 
I) 
shear plane i n the p l a s t e r . 
These samples were shear tested a t a s t r a i n of 
0.5inm/minute. This permitted a large number of tes t s to be . 
performed i n a short time. Samples were sheared beyond 
f a i l u r e so tha t an i n d i c a t i o n of the order of the re s i d u a l 
shear strength could be established. 
2.4 C l a s s i f i c a t i o n and fundamental properties 
The f o l l o w i n g t e s t s were performed i n accordance 
w i t h B r i t i s h Standard 137751967, amended where necessary by 
the National Coal Board Technical Memorandum (1969). 
( i ) Moisture content 
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( l i ) S p e c i f i c g r a v i t y 
( i i i ) A t t e r b e r g l i m i t s 
2.3 Other t e s t s . 
2.3.1 Weathering t e s t 
A p o r t i o n of each of the seven main samples was 
placed i n a specially-made wooden box, which was then placed 
on the roof of the Engineering Geology laboratory. The 
contents of the box were photographed at i n t e r v a l s (Plates . 
5.1 and 5.2). 
This simple weathering experiment indicatedi the 
s t y l e s of weathering which the various 'ranked' samples have 
undergone, and also provided- an i n d i c a t i o n of the s p e c i f i c 
rock types which are susceptible to atmospheric ( c l i m a t i c ) 
degradation. 
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CHAPTER 3 
DISCUSSION. OF RESULTS 
3.1 Chemistry and mineralogy 
The r e s u l t s of the mineralogical analyses are l i s t e d 
i n Table 3«1» These r e s u l t s , however, should only be regarded 
as sem i - q u a n t i t a t i v e , f o r v a r i a t i o n s i n c r y s t a l l i n i t y can 
s i g n i f i c a n t l y a f f e c t X-ray d i f f r a c t i o n analyses. The chemistry 
of the samples i s c o n t r o l l e d by the mineralogical components, 
and, embody a much higher degree of accuracy. For t h i s reason, 
these r e s u l t s (Table 3.2) w i l l be considered f i r s t . 
The alumina can be almost e n t i r e l y a t t r i b u t e d to the 
clay minerals, together w i t h K, Na, and part of the Fe, . 
Mg and Cg.-• For t h i s reason, i t i s useful to express the 
chemical analyses as oxide/alumina r a t i o s (Table 3«3). 
Table 3.1 has been normalised t o 100 per cent, and 
from t h i s i t can be seen th a t the 'as received' discard from 
B i r c h Coppice contains about 25 per cent organic carbon 
(mainly c o a l ) . I n contrast, the sample from O l l e r t o n contains 
only 5 per cent , organic carbon. Previous work (Taylor and 
Spears,1970) has implied that a high percentage of the mineral 
p y r i t e (FeS^) o r i g i n a t e s from coal, and also t h a t carbonates 
are commonly found on the faces of the coal c l e a t s . The 
trace p y r i t e and ankerite (Table 3 ' l ) are freq u e n t l y from t h i s 
source. The high sulphur content of the Birch Coppice sample 
undoubtably r e f l e c t s the high coal content. 
The t o t a l Si02 f i g u r e i n Table 3.2 comprises both 
f r e e s i l i c a (quartz) and th a t combined l a r g e l y i n the clay 
minerals. The combined s i l i c a / a l u m i n a r a t i o provides a. guide 
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tc clay mineral type.* 
The combined s i l i c a / a l u m i n a r a t i o s reveal that the 
samples from Easton, Morrison Busty and Birch Coppice should 
be K a o l i n i t e - r i c h . The Bersham- and O l l e r t o n samples also • 
have a moderate ka'olinite content. The s l i g h t l y higher r a t i o s 
f o r the Cynheidre, Askern and Orgreave samules suggest a 
dominance of the i l l i t i c minerals. The r a t i o f o r the Cynheidre 
sample i s not as high as the mineralogy would suggest, but . 
t h i s could be a r e s u l t of the semi-quantitative determination 
f o r the quartz. 
A b e t t e r i n d i c a t i o n of the micaceous ( i l l i t i c ) 
minerals i s the wholly chemical KgO/alumina r a t i o , f o r 
potassium i s an important i n t e r l a y e r cation i n these minerals. 
This r a t i o reveals t h a t the Cynheidre, Askern and Orgreave 
samples are r i c h i n i l l i t e , while the very low r a t i o s f o r the 
Morrison Busty, Easton and B i r c h Coppice samples i n f e r a 
dominance of the other main clay mineral, k a o l i n i t e . 
By p l o t t i n g the peak area r a t i o s (Figure 3.1) i t i s 
possible to compare the current X-ray data w i t h the known 
clay mineral v a r i a t i o n s already found f o r the B r i t i s h 
c o a l f i e l d s (Taylor and Spears, 1970). These r e s u l t s , which 
do not include any c o r r e c t i o n f o r c r y s t a l l i n i t y , substantiate-
the conclusions drawn from the chemical data. The clay 
mineral contents show a generally higher proportion of mixed-
layer clay compared w i t h previous work. This i s most l i k e l y 
the r e s u l t of a s l i g h t l y d i f f e r i n g experimental technique, i n 
• K a o l i n i t e has a t h e o r e t i c a l combined s i l i c a / a l u m i n a r a t i o of 
1.2, while i l l i t e s l i k e the reiference F i t h i a n i l l i t e (which 
includes mixed-layer c l a y ) have r a t i o s of around 1.98. 
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which the sample is. deposited onto a porous disc instead of 
the current smear mount tefchnique. The former method enhances 
pr e f e r r e d o r i e n t a t i o n , which reduces the e f f e c t of the 
expandable clay minerals when the sample i s glycolated. I n 
other words, the smaller clay p l a t e l e t s such as mixed-layer 
clay are sucked i n t o the pores. With the smear mounts some-
sedimentation must take place, so. t h a t the smaller p l a t e l e t s 
are p r e f e r e n t i a l l y scanned. 
The presence of a high k a o l i n i t e content is.believed 
to preclude immediate s l a k i n g (Taylor and Spears,1970). I t 
has also been, shown t h a t a high mixed-layer clay content 
promotes s l a k i n g i n water. A l l the samples, w i t h the exception 
of Easton (4 per c e n t ) , have mixed-layer clay contents between 
18 and 22 per cent. The f i g u r e s f o r Morrison Busty and Birch 
Coppice are s l i g h t l y higher than the others. Previous work 
Taylor and Spears, 1970) has revealed mixed-layer clay contents 
of 21 and 23 per cent f o r the Park f l o o r and the Brooch 
seatearth r e s p e c t i v e l y , so the 22 per cent content of the 
B i r c h Coppice sample (.whitrh -cbnta±n"s- 6I•-per ee'rit f l o o r 
m a t e r i a l ) i s not a l t o g e t h e r unexpected. The Morrison Busty 
washery handles m a t e r i a l from the Harvey seam. Pearson and 
Wade (1967) have previou s l y reported that-a't Fishburn c o l l i e r y 
the Harvey seam f l o o r contains at l e a s t 30 per cent mixed-
lay e r mica-montmorillonite. Thus the high mixed-layer clay 
content of the washery discard i s not s u r p r i s i n g . 
The high k a o l i n i t e content of thie Birch Coppice 
sample was surprising.' To i n v e s t i g a t e t h i s f u r t h e r , a piece 
of roof m a t e r i a l was selected, and t h i s was subjected to a 
separate q u a l i t a t i v e XRD examination. This m a t e r i a l contained 
a dominance of i l l i t i c minerals. The high k a o l i n i t e content 
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of the bulk sample therefore r e f l e c t s on a k a o l i n i t e - r i c h 
f l o o r material.' 
The raineralogical analyses of Table 3.1 and Figure 
3.1 reveal the d i s t i n c t r e g i o n a l v a r i a t i o n s i n mineralogyi 
Care should be taken, however, i n the consideration of the 
subsidiary clay minerals, because of possible v a r i a t i o n s i n . 
the d i s t r i b u t i o n among the m a t e r i a l . 
Shear-box t e s t s on the Sco t t i s h discard revealed a 
small q u a n t i t y of ex c e p t i o n a l l y r e s i s t a n t m a t e r i a l . This was 
subjected to a separate q u a l i t a t i v e XRD analysis. The r e s u l t s 
i n d i c a t e d t h a t the mater i a l was a clay-ironstone ( s l d e r i t e , 
FeCOj), which was concentrated i n t o gravel-sized fragments. 
I n no other, samples were such concentrations observed, y e f 
the chemical analyses (Table 3.2) show t h a t the o v e r a l l i r o n 
content o f , t h i s sample was not exc e p t i o n a l l y high. 
The i r o n content of the sample from the t i p at ; 
Orgreave v;as noticeably, higher than f o r any of the ex-washery 
samples. This high i r o n content had no s i g n i f i c a n t e f f e c t 
on the mechanical p r o p e r t i e s . I t i s possible t h a t t h i s i r o n 
was mainly i n the form of l i m o n i t e , a less durable form of 
i r o n oxide, as a r e s u l t of weathering. 
The K20/alumina r a t i o i s high f o r Orgreave, and the 
shape f a c t o r s (Table 3.3) imply t h a t i t may be marginally 
more c r y s t a l l i n e than other samples. This would i n f a c t 
suggest th a t leaching out of K"*" and other r e a d i l y e x t r a c t i b l e 
ions i s not s i g n i f i c a n t i n the Orgreave m a t e r i a l . 
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3.2 Weathering t e s t s 
The photographs i n Plates 3.1 and 3.2 reveal the 
c o n d i t i o n of the samples a f t e r c e r t a i n periods of exposure to 
• t h e weather.* The f i r s t photograph i n the sequence was taken 
three weeks a f t e r the samples had been put out. This was 
a f t e r r a i n f a l l had cleaned the samples, removing f i n e s from 
the l a r g e r fragments, but before s i g n i f i c a n t breakdown had 
taken place. The samples were i n i t i a l l y exposed i n mid-autumn 
(27th October). The photographs were taken on 17th November, 
19th December, 3rd May and 14th August. A f t e r the f i n a l 
photograph i n the sequence, the samples were c a r e f u l l y examined 
in- order t h a t m a t e r i a l prominent i n the photographs could be 
accurately i d e n t i f i e d . The observations are recorded below. 
Sample 1 (Cynheidre) 
L i t t l e i d e n t i f i a b l e breakdown took place between the 
f i r s t and second photographs. A f t e r the wint e r , however, some 
breakdown was becoming widespread, and t h i s became very 
extensive during the l a ^ t few months of the t e s t . Inspection 
revealed t h a t coal and some ironstone nodules had been l i t t l e 
a f f e c t e d . Pieces of.carbonaceous shale were s t a r t i n g to 
d i s i n t e g r a t e along the laminations. The seatearth ma t e r i a l 
had extensively broken down. 
Sample 2 (Morrison Busty) 
I n t h i s sample i n i t i a l breakdown was l i m i t e d , but by 
the time of the t h i r d photograph the f l o o r m a t e r i a l had 
extensively d i s i n t e g r a t e d . The inspection revealed that some 
s i l t s t o n e m a t e r i a l was also s t a r t i n g to break down along 
* Boxes l e f t on the roof of Engineering Geology Laboratories, 
Durham. 
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laminations, while pieces of coal, coaly shale and sandstone 
remained unaffected. 
Sample 3 (Bersham) 
Again, l i t t l e detectable breakdown took place between 
the f i r s t and second photographs, but by the time of the t h i r d 
photograph, however, extensive d i s i n t e g r a t i o n of some materials 
had occurred. This had increased f u r t h e r by the 'time the..,fihal 
photograph was taken. I d e n t i f i e d as r e s i s t a n t material were 
small pieces of sandstone and some coaly shale, although the 
l a t t e r was beginning to s p l i t i n places. The seatearth 
m a t e r i a l had extensively d i s i n t e g r a t e d . 
Sample 4 (Easton) 
This ssunple proved the most r e s i s t a n t of those 
t e s t e d . I n the process of d i s i n t e g r a t i o n at the end of the 
t e s t were pieces of roof m a t e r i a l and s i l t y mudstone. 
Apparently unaffected by the weather, however, were pieces of 
sandstone, coal, coaly shale and clay-ironstone. 
Sample 5 (Askern) 
Breakdown was observed w i t h t h i s m aterial during 
the f i r s t few weeks of exposure. By the end of the winter 
a considerable amount of m a t e r i a l had extensively d i s i n t e g r a t e d . 
Further weathering l e f t a small number of pieces of r e s i s t a n t 
m a t e r i a l among a large amount of f i n e s . There was l i t t l e 
sandstone i n the sample, and t h e . r e s i s t a n t material was a 
coaly shale, which.was s t a r t i n g to breakdown by the end of 
the t e s t . 
Sample 6 ( O l l e r t o n ) 
Weathering had r a p i d e f f e c t on t h i s sample, which 
r e s u l t e d i n an e a r l y reduction of general p a r t i c l e size. 
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By the end of the t e s t period a considerable amount of the 
ma t e r i a l .had extensively d i s i n t e g r a t e d . I n t a c t at the end of 
the t e s t were small pieces of coaly shale, ironstone and f i n e 
sandstone.' • 
Sample 7 (Birch Coppice) 
I t took a considerable time f o r the weather to 
remove the f i n e s and-the separate the pieces. For t h i s reason 
any e a r l y breakdown has been d i f f i c u l t to detect. By the time 
of the f i n a l photograph much of the sample had broken down 
i n t o f i n e m a t e r i a l , A s u r p r i s i n g amount of large material 
s t i l l remained. This was i d e n t i f i e d as being mainly coal 
( t h e sample contained about 25 per cent organic carbon). There 
was also some ironstone. Pieces of dark shale were s p l i t t i n g 
along the laminations, while the seatearth m a t e r i a l had . 
extensively d i s i n t e g r a t e d . 
3.2.1 Summary of v i s u a l observations 
The v i s u a l observations agree w e l l w i t h the 
behaviour p r e d i c t a b l e from the mineraldgical analyses. The 
sample which had by f a r the lowest mixed-layer clay content, 
Easton, showed less breakdown than any other sample. The 
other samples, containing about the same proportions of mixed-
lay e r clay, generally showed s i m i l a r breakdown patterns. I t 
i s not possible to i d e n t i f y a delayed breakdown i n the 
k a o l i n i t e - r i c h samples. I t w i l l be r e c a l l e d t h a t i n the case• 
of the Birch-Soppl/cre. iSaarple'the i a t t e r Tiiat.erl''a:l i s concentrated 
i n the f l o o r - d e b r i s which I n any case i s subject to breakdown 
along s l i c k e n s i d e s . 
The extent of the r e s i s t a n t m a t e r i a l generally 
c o r r e l a t e d w e l l w i t h the carbon contents of the samples. This 
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i s e s p e c i a l l y meaningful when comparing the O l l e r t o n and 
Birch Coppice samples. The former, w i t h a very low carbon 
content, contained few pieces of l a r g e r material at the end 
of the weathering t e s t . I n the l a t t e r sample, much of the 
s u r v i v i n g large m a t e r i a l could be a t t r i b u t e d to the high 
carbon content. 
This simple sequence of exposure to the elements 
c;learly shows t h a t coal and h i g h l y carbonaceous shales are 
p a r t i c u l a r l y r e s i s t a n t to weathering. These materials and 
ironstone were also found to be h i g h l y r e s i s t a n t i n the 
Yorkshire Main i n v e s t i g a t i o n (Spears et a l , 1971). 
3.3 Shear-box t e s t s 
3.3'1 12-inch shear-box r e s u l t s 
For the 12-inch shear-box t e s t s at a normal stress 
2 
of 80.3 kN/m , v a r i a t i o n s i n peak shear stress were from a 
minimum of 56.8 kN/m (Birch Coppice) to a maximum of 72.7 
2 
kN/m (Morrison Busty). These peak values are shown i n Figure 
3.3(a). No d i s t i n c t c o r r e l a t i o n w i t h rank i s apparent. More 
i n t e r e s t i n g i s the shear strength reduction during one metre 
of displacement (Figure 3.3(b)). The B i r c h Coppice sample 
shows a much greater drop i n strength (42 per cent) than any 
of the other samples, which range from 1-3.5 t o 23' peT-TJent 
reduction from peak s t r e n g t h . 
Figure 3.4 shows the f a i l u r e envelopes a t the end of 
the 12-inch shear-box t e s t s on the d i f f e r e n t samples. The 
values used f o r the production of the envelopes are contained 
i n Appendix 2. I t i s d i f f i c u l t to compare these r e s u l t s 
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because of the d i f f e r e n t displacements involved. M a t e r i a l 
loss caused the premature termination of the three shortest 
runs. However, i t seems reasonable to observe that the 
m a t e r i a l from Easton proved most durable, and that from Birch 
Coppice the le a s t durable. The l a t t e r sample was the only 
one which appeared to reach r e s i d u a l shear strength during 
the t e s t series ( r e - o r i e n t a t i o n peak# were detected on the 
stress-displacement curves of the l a s t few runs). 
Inspection of samples a f t e r t e s t i n g revealed t h a t 
a well-developed shear plane had formed i n the Birch Coppice 
sample, and also t h a t small parts of the Askern and O l l e r t o n 
. samples were slickensided, but no continuous shear planes had 
developed. With the higher rank materials shearing had 
caused the development of a zone of broken-down material . 
through the sample, but no evidence of any slickensides could 
be detected. 
3.3'2 60mm shear-box r e s u l t s 
The i n i t i a l period of t e s t i n g was performed at a 
2 
normal stress of 133-7 kN/m . The peak shear stresses (Figure 
3.5(a)) show a much greater degree of u n i f o r m i t y than the 
iarge shear-box r e s u l t s . The peak stress of the Birch Coppice 
2 
ma t e r i a l (85.7 kN/m ) was noticeably lower than the others, 
which ranged between 93 and IO4.6 kN/m . This u n i f o r m i t y 
of peak stress suggests a dependence of peak strength on 
grading. For the 12-inch shear-box te s t s the material was 
* Previous work suggested t h a t such a peak could imply the 
formation of a d i s c r e t e shear plane (Durham Annual Report to 
National Coal Board, 1972). The current work confirms t h i s 
view. 
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tested with the grading 'as delivered*, whereas the small 
shear-box tests were performed on material of a particular 
size range (between 0.6 and 1.2mm). 
The reduction i n shear stress during the small shear-
box tests was generally larger than for the large shear-box. 
There are two possible reasons f o r t h i s : 
( i ) The tests were performed at a higher normal stress. 
( i i ) The smaller size of the material tested. 
I t w i l l be shown l a t e r (Section 3.9) that the normal stress i s 
a dominant factor i n the rate of reduction of shear strength. 
S t a t i s t i c a l correlations (Section 3-7) reveal a dependency of 
shear strength on p a r t i c l e size and i t s d i s t r i b u t i o n . 
The sample from Easton showed very l i t t l e shear 
stress reduction (7.6 per cent), whilst, the same displacement 
was s u f f i c i e n t to reduce the Birch Coppice material to the 
residual shear strength condition. Also showing an extensive 
reduction i n shear strength at this normal stress was the 
Orgreave t i p material (39.5 per cent). 
Apart from the samples already mentioned, the others 
were reasonably consistent i n the extent of breakdown i n the 
two d i f f e r e n t shear-box .tests. 
3.4 Results of sieving analyses 
The range of pa r t i c l e size distributions for a l l 
samples as delivered i s shown i n Figure 3.2. Figure 3.6 
shows the range of the size distributions after the 12-inch 
shear-box tests. I t can be seen that some reduction i n 
pa r t i c l e size has taken place with a l l samples. 
Table 3,4 l i s t s the median diameter, Trask sorting 
coefficient (T^^^/Pg^)) and the fr a c t i o n smaller than 75 
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microns f o r before and afte r the 12-inch shear box tests, .arid 
for a f t e r the 60mm shear-box tests. The standard Uniformity 
Coefficient was not used since i t was not feasible to 
determine the 10 per cant passing size f o r certain samples 
(Figures 3.2,3.6 and 3.7). The Table demonstrates that the-
three d i f f e r e n t parameters used for describing peurticle size, 
d i s t r i b u t i o n do not a l l vary s i m i l a r l y . I t seems possible 
that the percentai^e of material passing the B.S; No 200 sieve 
(75 microns) may have a greater effect on the shear strength 
properties than either of the other two parameters l i s t e d . . 
(Section 3.7 discusses the correlations). A l l samples, 
exhibited a decrease i n the median diameter and an increase i n 
the Trask sorting coefficient and the percentage passing the 
"So, 200 sieve. .No systematic change i n these parameters- was 
recorded. 
The range of pa r t i c l e size distributions at the end 
of the 60mm shear-box tests i s shown i n Figure 3.7. These 
results can be easily compared since a l l . t e s t s started with the 
same p a r t i c l e size d i s t r i b u t i o n . The sample which showed very 
l i t t l e reduction i n shear strength,. Easton (Figure 3.25)f also 
shows very l i t t l e material breakdown. Similarly, the Birch . 
Coppice sample, which revealed the greatest reduction i n . 
shear strength, also shows the greatest breakdown of material. 
An observation concerning the 12-inch shear-box 
results shows that those samples which contained the neatest 
f r a c t i o n smaller than 75 microns after the shear test (Figure 
3.6) a l l showed well defined peaks during the f i r s t run. . 
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3.5 Summary of properties for each sample. 
The results of the various standard tests performed 
but not already discussed are contained i n Table 3.5. Also 
included i n the table i s a summary of the shear strength 
characteristics f or each sample. The moisture,content figures 
are f o r the ex-washery samples as received. These figures can 
be regarded more as a measure of the effectiveness of the 
sealing of the samples, rather than as an accurate indication 
of the ex-washery moisture content. The two lowest ranking 
samples, however, contained a surprising amount of moisture, 
despite a dry appearance. 
Diagrams showing the stress-displacement curves fo r • 
the large and small shear-box.tests for each sample, also 
the f a i l u r e envelopes at' the end of the tests and the 
corresponding sieving results, are contained i n figures 3*7 -
3.39. 
In order to compress the stress-displacement curves 
to a reasonable length, without losing d e t a i l from the 
individual runs, only the forward runs have been plotted. 
The equal displaeemetrts corresponding to the reverse runs have 
been omitted. For a complete set of runs (forward and reverse) 
however, t o t a l displacement w i l l therefore be equivalent to" 
twice the forward displacement. For the 60mm shear-box results, 
only the f i n a l point f o r each run has been plotted. I t i s 
apparent I from these results that several runs may be required 
for the material to reach peak strength. This is a result of 
the uniform grading of the material being tested, which has a 
high void r a t i o at the st a r t of the test. As the test 
progresses, breakdown w i l l f i l l many of the voids, thus 
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12-inch shear-box 60mm shear- moisture 
S.G. 
p l a s t i c i t y 
sample peak res";$' box "resV^' content index 
Cynheidre 37° 28? 28.5° 10.39^ 2.13 7.25 • 
Morrison 
Busty 
42° '31° 36° II.69S 2.28 7.48 
Bersham 40° . 29.,5° 32° 808^ 2.31 .7.10 
Orgreave 39° 24° 17° 10.7^ 2.13 • 10.84 
Easton 39° 35° 35° 12.2% 2.15 '4.63 
Askern 35°. 22° 17.5° 9. I f 2.09 9.47 
Ollerton 37° 26° 20°* 13.8/0 2.23 13.02 
Birch 
Coppice 35° 15.5° 15°. 14.7/0 2.04 11.89. 
note: A l l shear strength results are f o r c'=0, except where 
otherwise indicated. 
2 * For c'= 30 kN/: m 
T a b l e 3-5 
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Increasing the density and the shear strength. Although i t 
has been shown e a r l i e r that f or the 12-lnch shear-box the 
i n i t i a l density had l i t t l e effect on shear strength, f o r the 
small.shear-box tests the increase i n density was such that •. 
ah increase i n shear strength did res u l t . Many of the small, 
shear-box tests started to show ah increase i n shear strength 
af t e r about 0.5 metres t o t a l displacement. This i s thought 
to be an effect due to the mechanics of the reversing shear-
box, which has already been discussed i n Section 1.5.(Material_ lossjj. 
3.5.1 Cynheidre discard 
Figure 5»8 shows the stress-displacement curve for 
the large shear-box test on thi s material. The result included 
is f o r the t h i r d test on thi s material. The f i r s t two tests 
were performed using the load c e l l for the shear force 
measurement, and are therefore unreliable. In Figure 3-^) 
the four runs showing enhanced values were performed using the 
load c e l l . These show the degree of over-estimation of shear 
strength by the load c e l l . The diagreun shows a poorly.defined 
peak and a slow, gradual reduction i n shear strength with 
increasing displacement. The 60mm shear-box test shows a 
more rapid reduction i n shear strength once the peak strength 
had been achieved (Figure 3»9).. However, after about 0.6 
metres t o t a l displacement, no further drop i n shear.strength 
was observed. 
Figure 3,10 shows the f a i l u r e envelopes at the end 
of the two separate testa. The results are reasonably similar 
i n view of the differences i n testing techniques and 
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displacements. Figure 3.11 demonstrates that for this material 
the greatest p a r t i c l e size reduction has taken place i n the 
dium size range ( i . e . generally less than medium gravel me 
sizes). 
3.5«2 Morrison Busty discard . 
The 12-inch shear-box stress-displacement curve for 
t h i s sample (Figure 3.12) i s d i f f i c u l t to interpret because 
i t contains a mixture of results, using either the proving r i n g 
or the load c e l l f o r shear force measurement. . The difference 
i n the results obtained by these two different methods i s 
very d i s t i n c t . The proving r i n g results do show a small, 
gradual reduction i n shear strength. The small shear-box . 
results (Figure 3.13) show a similar trend, but the results of 
this test series were variable. The grading of the material 
af t e r t h i s test (Figure 3.7) shows that very l i t t l e breakdown 
had taken place. Figure 3.15 confirms a similar behaviour 
fo r the large sample. 
The overall f a i l u r e envelopes (Figure 3.14) show 
that the two d i f f e r e n t shear-box tests give compatible results. 
Some degree of curvature i s evident, but this should be treated 
with caution, f o r the points used for defining the envelopes 
were obtained at s i g n i f i c a n t l y d i f f e r e n t displacements. These 
points were the f i n a l result at each load increment. Material 
loss prevented the usual unloading sequence being adopted at 
the end of the tests, 
5,5.3 Bersham discard 
The 12-inch shear-box stress-displacement curve 
(Figure 3.16) shows a steady reduction i n shear strength with 
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increaaed displacement. A similar result occurred with the 
60mm shear-box (Figure 3•17)» although this result contains 
the puzzling phenomenon of a d i s t i n c t sudden increase i n 
shear strength after about 0,5 metres t o t a l displacement. 
This i s most l i k e l y caused by the shear-box, rather than being 
a true property of the material. 
When the f a i l u r e envelopes for the two- tests are 
compared (Figure 3«18)» they show general agreement. The 
large shear-box te s t , which was carried to the reasonably high 
normal stress of 347.1 kN/m , shows s l i g h t curvature. The 
small shear-box tests gives s l i g h t l y lower strength values, 
which i s probably a result of the material size, but could 
possibly r e f l e c t t h e'jdifferent mineralogical composition of 
the material tested. 
Figure 3.19 shows that there was an overall reduction 
i n material size during the 12-inch shear-box test. There was 
a similar reduction i n the material size during the small 
shear-box test (Figure 3.7). 
3.5.4 Orgreave discard 
This ex-tip material showed a much better defined, 
peak i n the large shear-box test (Figure 3-20) than for any of 
the materials so far discussed. After . tjie ; i n i t i a l rapid drop 
from peak strength, further reduction i n shear strength was 
jgradual;' r-^-lr. Increases i n normal stress, however, did cause 
further reduction i n shear strength. The small shear-box 
stress-displacement curve (Figure 3.21) shows a similar 
behaviour i n this (respect . 
The f a i l u r e envelopes (Figure 3o22) show greater . 
curvature for the small test sample. At very low normal 
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2 
stresses (less than 100 klf/m ), the results are compatible. 
The sieving analyses (Figures 3.23 and 3.7) show an overall 
reduction i n p a r t i c l e size as a result of the shear.tests, 
3>4'5 Easton discard 
Figure 3.24 shows that i n the large shear-box test 
the shear strength of thi s material f a l l s o f f very l i t t l e 
from the peak strengthj even at increased normal stress levels. 
A similar deduction can be made from the small shear-box. . 
results (Figure 3.25). 
The two tests provide very close results for the 
shear strength properties. In addition, the extent of material 
brea,kdown f o r the two tests was very limited (Figures 3.27 and 
3.7).. This would suggest that material breakdown i s a prime 
factor i n shear strength reduction. 
3.4-6 Askern discard 
The large shear-box test on thi s material shows a 
steady reduction of shear strength with increased, displacement. 
(Figure 3.28). The small shear-box results (Figure 3.29) 
indicate a similar trend. This figure, however, reveals that, 
although the shear strength had v i r t u a l l y stabilised at the 
i n i t i a l normal stress value, an increase i n normal stress 
caused a further rapid decrease i n shear strength. 
I t was probably this^ period of testing at higheir-
I h the small box 
than-norraal stresses/^which reduced the shear strength of the. 
small sample to the near-residual value f o r ^ ' of 18° 
(Figure 3.30), which i s much lower than the result f o r the 
large sample. 
Material breakdown was considerable with both test 
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specimens (Figures 3*31 and 3«7). Both specimens contained 
nearly 20 per cent material smaller than 75 microns i n size 
after the tests were completed, 
3.5.7 Ollerton discard 
A very well defined peak was reached on the f i r s t tun 
of the 12-inch shear-box test (Figure 3-32) After the i n i t i a l 
drop from peak strength, further reduction i n shear strength 
took place at a very low rate. The increases i n normal stress 
had very l i t t l e e f f e c t . The peak of the small shear-box test 
(Figure 3.33) i s very poorly defined, f o r there seems.to be 
a double peak before the main reduction i n shear strength took 
place. This main reduction was rather more consistent than 
occurred with many of the samples. 
The f i n a l f a i l u r e envelopes (Figure 3«34) are of 
interest. For the large shear-box r e s u l t , some curving of the 
envelope i s necessary at low stress levels i f i t i s to pass 
through the o r i g i n . For the small shear-box, the.failure 
envelope shown was obtained by successive small decreases i n 
normal stress. The results give an almost linear envelope 
with a very d e f i n i t e cohesion. The shearing angle of the 
envelope i s only 20°, This result w i l l be considered more 
f u l l y i n Section 4.2,2. 
The p a r t i c l e size d i s t r i b u t i o n test results (Figures 
3.35 and 3.7), show that f o r the 12-inch specimen most 
breakdown took place among the smaller material. The small 
shear-box test gave a more general size reduction. 
3.5.8 Birch Coppice discard 
A well-defined peak followed by a steady reduction 
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i n shear strength siimmarises the 12-inch shear-box test on t h i s 
material (Figure 3.36). As mentioned e a r l i e r , this sample, 
appeared to reach residual strength by the end of the tes t . 
The main evidence f o r . this was the appearance of re-orientation 
peaks. I t has been mentioned e a r l i e r (Section 3.3.1) that 
e a r l i e r work has associated the appearance of these peaJcs with 
the development of a shear plane. The present work has 
confirmed t h i s . 
I n the small shear-box test (Figure 3..37) a t o t a l .. 
displacement of about 0.6 metres was required to reduce this 
sample to the residual condition. Of considerable interest i n 
t h i s r e s u l t is the sudden drop i n shear strength after a 
displacement of 0.35 metres. This may be the result of 
shear plane development, and i s further discussed i n Section 
4.2.2. 
Figure 3.38 brings out a point of special note* This 
is the closeness of the f a i l u r e envelopes for the two shear-
box tests. This suggests that the residual strength parameter 
is a property of the mineralogical composition, rather than of 
the grading of the material. Also of significance i s the 
l i n e a r i t y of the f a i l u r e envelopes. 
The grading curves (Figures 3?39 and 3.7) show that 
f o r the residual condition, about 25 per cent of the material. 
i s less than 75 microns i n size. I t should be remembered that 
the samples used f o r these sieving analyses were about 50 to 
100 mm thicjc (12-inch shear-box) and about 20 mm thick (60mm 
shear-box). I t can be expected that the concentration of fine 
material close to the shear plane w i l l be much greater. The 
small shear-box test specimen showed more breakdown than for 
any other material tested. 
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3.6 Comparison of results with existing information 
A summary of the major part of recent research into 
the mechanical properties of c o l l i e r y discard has been 
produced by Wimpey Laboratories (National Coal Board,. 1972). 
Among the materials mentioned i n this report were samples 
from Askern, Birch Coppice and Orgreave. 
Much of the work was conducted on peak strengths, 
determined by t r i a x i a l tests, mainly using fresh washery 
discard. For the lower normal stress range, was found to 
vary between about 34 and 38° for the Askern material, depending 
on the i n i t i a l density. For the Birch Coppice material, 0' 
was found to be about 30°f and v i r t u a l l y independent of density. 
The Orgreave material (ex-tip) gave a ^' of about 32° close 
to the o r i g i n . 
The Askern figures agree well with the i n i t i a l 12-
inch shear-box peak (34°). The shear-box work of the current 
tests gave s i g n i f i c a n t l y higher results f o r Orgreave (38°) 
and Birch Coppice (35°). For the l a t t e r material subsequent 
t r i a x i a l tests showed a jJ' of 34»3°0 These differences could 
possibly r e f l e c t variations i n the materials tested. 
Of special note i s the Vimpey"residual' test on 
material from Askern. This was performed i n a small shear-box 
using material which passed a B,S. No. 14 sieve (1.2 mm). 
The "residual" f a i l u r e envelope, obtained from four separate 
2 
tests, up to a normal stress of 1000 kN/m , i s d i s t i n c t l y 
curved. At the highest normal stress, ^' i s down to only 
9°. This contrasts with the f a i l u r e envelope at the end of the 
corresponding test i n the present series (Figure 3-30), which 
i s v i r t u a l l y linear over the stress range tested. 
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3.7 Correlation of results 
The results were compared by a correlation matrix 
program. Table 3.6 contains the correlation matrix only for 
those properties for which some correlation was detected. 
Originally, 23 d i f f e r e n t variables were compared. No 
correlation was observed between any of the properties and the 
coal rank code number. Also, no dependence could be detected 
between the shear strength properties tested.and the 
mineralogical composition. Results which.showed significant 
correlations are discussed below. 
Outstanding i s the extent of the correlations between 
the shear strength properties and the grading parameters. 
Some confusion may result from the correlations between the 
results from the large shear-box tests and the grading ;[.-•. 
parameters for the small shear-box tests.. These correlations 
suggest that the behaviour of small material i s similar to the 
behaviour of the large material, and consequently material 
breakdown is an important factor i n the shear strength 
properties. Two main dependencies appear. 
A close correlation was found between the peak 
strength achieved i n the large shear-box test and the median 
diameter .of the material a f t e r testing i n the small shear-box. 
A l l the small shear-box tests started with the same medieui 
diameter, so thi s correlation suggests a relationship between-
shear strength and material breakdown. 
The.extent of shear strength reduction i n the 12-
inch shear-box test correlated closely with the percentage 
of material less than 75 microns i n size before the test.. 
The suggestion behind th i s i s that the extent of fine material 
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controls the development of shear planes. A similar conclusion 
can be drawn from the correlation between the extent of shear 
strength reduction during the small shear-box test and the 
Trask sorting coefficient for the corresponding sample after 
the large shear-box tes t . This possibly indicates that 
p a r t i c l e d i s t r i b u t i o n can affect shear plane development. 
The P l a s t i c i t y Index provided several significant 
correlations, a l l with the grading parameters. The most 
sig n i f i c a n t of these was the correlation between the P l a s t i c i t y 
Index and the percentage of material smaller than 75 microns 
aft e r the large shear-box tes t . The P l a s t i c i t y Index reflect s 
the clay content of the material, and i t i s such material which 
w i l l break down to the f i n e r sizes during the shear tests. 
Two additional correlation matrices were formed. One 
of these neglected the results for the ex-tip material 
(Orgreave). The other did not include the results for the 
Birch Coppice material. The purpose of these additional 
matrices was to reveal any further correlations which may 
have been concealed by d i f f e r e n t characteristics of either of 
the two materials mentioned. 
5.8 The shale tests 
Forty d i f f e r e n t specimens from two different samples, 
Cynheidre and Ollerton, were tested. The shear and normal 
stresses on each specimen were calculated by using the area 
of the specimen at the place of f a i l u r e , measured after the 
te s t . 
The results are shown i n Figure 3.40. There i s 
considerable scatter, but i t appears that the Cynheidre 
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material has the s l i g h t l y higher shear strength. This is 
to be expected, both from the results of the normal shear 
tests on aggregate material, and also from any possible rank 
dependency. For the two. materials tested, the raink contrast 
should have been adequate to bring out any relationship 
between rank and strength. 
I t appears that the fundamental difference between 
the -two samples is that the higher ranking material, Cynheidre, 
shows a higher cohesion. The shearing angle for the two 
types appear to be about the seune. 
Residual values down to about 25 per cent of peak 
strength were observed af t e r displacements of less than 10 mm. 
I t should be noted, however, that at thi s displacement, much 
of the contact was between the shale and plaster, and no 
correction has been made for t h i s . 
5.9 Shear tests at increased normal stress 
To study further the process of shear strength 
reduction, i t was decided to perform additional 60 mm shear-
box- tests at higher-than-usual normal stresses. 
During the time available i t was possible to perform 
2 
a series of tests at normal stress values of up to 1500 kN/m . 
on material from Ollerton washery. In addition, tests at 
350 and 550 kN/m only were performed on certain other samples. 
The material tested was of the same size range as for the 
previous 60 ma shear-box tests. This enabled material 
breakdown to be easily monitored. 
An additional 12-inch shear-box test was performed 
i n order that the rate of shear strength reduction i n the 
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two d i f f e r e n t shear-boxes could be coJnpared, 
3.9.1 T e s t s at d i f f e r e n t normal stresses. 
Stress-displacement curves f o r the t e s t s at d i f f e r e n t 
normal s t r e s s e s are shown i n Figure 3.41. The material used 
f o r these t e s t s was crushed from the main samptle i n order 
to obtain s u f f i c i e n t m a t e r i a l of s u i t a b l e s i z e . I t i s 
p o s s i b l e , t h e r e f o r e , that the m a t e r i a l f o r the i n d i v i d u a l t e s t s 
was not c o n s i s t e n t i n composition. 
The general trend of r e s u l t s i s very evident from 
Figure 3.41. As the normal s t r e s s i s increased, the peak and 
f i n a l s t r e s s values are lower. Pressure of time meant that 
t e s t s had to be discontinued as soon as the reduction i n 
shear s t r e n g t h ceased to be r a p i d . The appearance that 
r e s i d u a l strength tends to drop with normal s t r e s s should be 
p a r t i a l l y a c c r e d i t e d to the shear-box, as discussed i n 
S e c t i o n 1.5. 
I t i s reasonable to assume that i f the displacement 
could be extensive, without m a t e r i a l l o s s t a k i n g place, a i l 
the stress-displacement curves would converge onto the same, 
fundamental r e s i d u a l value, which would be a property of the 
m a t e r i a l composition. 
Most notable about these r e s u l t s i s the vast 
d i f f e r e n c e between the stress-displacement curve at a normal 
s t r e s s of 133.. 7 kN/ra and that a t 350 kN/m . With reference to 
the breakdown mechanisms dis c u s s e d i n Section 1.5, then i t 
would be reasonable to suppose that breakdown of p a r t i c l e s 
under s t r e s s i s t a k i n g place a t the l a t t e r s t r e s s l e v e l , but 
not at the former. The i n c r e a s e i n the normal s t r e s s beyond 
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the l a t t e r value r e s u l t s i n comparatively l i t t l e change i n 
the r a t e of breakdown. . 
Figur e 3.42 i l l u s t r a t e s the peak and the f i n a l 
s t rength f a i l u r e envelopes f o r the s e r i e s of t e s t s on the 
Oi l e r t o n m a t e r i a l . The peak envelope shows s l i g h t curvature. 
At low normal s t r e s s e s ^ ' i s about 3 7 ° , but by a normal s t r e s s 
of 300 kir/m^, has dropped to 3 1 ° . The peak envelope i s 
v i r t u a l l y l i n e a r t h e r e a f t e r , ^' s t i l l being only reduced to 
30° f o r the sample t e s t e d at the highest normal s t r e s s . 
The "residual" envelope a l s o shows curvature, but to 
a much gre a t e r extent. This r e v e a l s a s i m i l a r trend to the 
Askern m a t e r i a l t e s t e d i n the Wimpey l a b o r a t o r i e s (National 
Goal Board, 1972). 
2 
The sample t e s t e d a t 500 kN/m was unloaded i n two 
stages so that a f a i l u r e envelope f o r the shear plane 
developed i n t h i s p a r t i c u l a r t e s t could be determined. This 
envelope i s i l l u s t r a t e d i n Figure 3»43« This shows the same 
l i n e a r c h a r a c t e r i s t i c found i n the case of B i r c h Coppice. 
Also shown on t h i s diagram i s the r e s u l t f o r an a d d i t i o n a l 
t e s t on Bersham m a t e r i a l . This was reduced to a " r e s i d u a l " 
2 
value a t a normal s t r e s s of 1150 kN/m and then unloaded i n 
three s t a g e s . This r e s u l t shows s l i g h t curvature. 
The r e s u l t s of the s i e v i n g analyses on the various 
sheared samples of O l l e r t o n m a t e r i a l are shown i n Figure 
3.44. T h i s demonstrates the general i n c r e a s e i n the o v e r a l l 
breakdown as the normal s t r e s s i a increased. The r a t e of 
breakdown i s much diminshed a t the very high values of normal 
s t r e s s . 
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3 ,9«2 T e s t s on d i f f e r e n t m a t e r i a l s 
Figure 3'45 shows the stress-displacement curves 
f o r t e s t s on d i f f e r e n t d i s c a r d s . The r e s u l t s are r a t h e r 
confusing. As has a l r e a d y been observed f o r the O l l e r t b n 
m a t e r i a l , t h e " r e s i d u a l ' s t r e n g t h i s reduced as the normal 
s t r e s s i s i n c r e a s e d . 
The most s u r p r i s i n g feature i s the extremely low 
r e s i d u a l values obtained. The accuracy of the shear-iox 
must be questioned. However, the proving r i n g has been checked 
and found c o r r e c t . I t i s p o s s i b l e that a t high normal s t r e s s e s 
an a r e a c o r r e c t i o n should be applied.. I t should be noted that 
the t e s t s on the Cynheidre, Morrison Busty and Orgreave 
d i s c a r d s were performed usi n g one shear-box, w h i l s t another 
box was used f o r the remainder of the t e s t s of t h i s s e r i e s , 
and a l s o f o r the previous s e r i e s of t e s t s a t lower normal 
s t r e s s e s . Thus, some r e s u l t s are comparable among themselves, 
and these i l l u s t r a t e that the Morrison Busty m a t e r i a l has 
s l i g h t l y more durable p r o p e r t i e s than the Cynheidre m a t e r i a l , 
3.9*3 Comparison between the larg e and small shear-box r e s u l t s 
The stress-displacement curve f o r the 12-inch shear-
2 
box t e s t on Bersham d i s c a r d at a normal s t r e s s of 347ol kN/m 
i s shown i n F i g u r e 5-46. This should be compared with the 
corresponding small shear-box r e s u l t (Figure 5«45)« I t i s 
apparent th a t a displacement of only 0^3 metres was required 
i n the small shear-box t e s t f o r t h e " r e s i d u a l " s t a t e to be 
reached. The equivalent value i n the larg e shear-box was about 
1.8 metres t o t a l displacement. 
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CHAPTER 4 . . . 
CONCLUSIONS 
4.1 Shear, strength and coal rank 
Apart from the p o s s i b i l i t y of the low rank West . 
Midlands material, there seems to be no specific correlation 
between the shear strength characteristics of the diseards 
tested amd the associated coal rank code numbers. Thei,t suoh 
a relationship does not exist has not been pxroven by th i s 
research, but i t can bie stated that other properties are 
more, dominant. 
There are twff main factors masking any. dependenoy . . 
on coal rank: 
(1) Variations i n the type of material tested 
fproportions of roof, f l o o r , coal and sandstone):! 
(11) The regional mlneralogloal yarlationq. 
The material which proved. :to have the most durable. . 
sheEo: strength properties was the medium rank material, from 
Easton Colliery, Scotland. This material was found to have a 
very low expandable mixed-layer clay component, and also a 
high k a o l i n i t e contents Both of -these properties. enhance the 
resistance of the material to i n t e r - p a r t i c l e breakdown. In 
addition, the sample tested included a small number of very 
durable ironstone nodules, and also contained a high 
proportion of quartz and carbon (.34 per cent), 
I t i s not possible to apply the converse to the 
material which showed greatest reduction of shear strength 
during the shear tests. This material, from Birch Coippioe 
Coll i e r y , also contained 54 per*Tcent quartz and c^bon,! of 
which a l l but 9 per. cent was carbon. The expandable mixed-
-62-
layer clay content was the highest of those samples tested 
(22 per cent), but moat of the other samples vfere within 3 or 
4 per cent of this value. This sample had a much greater . 
content of f i n e material i n the ^as received' condition when 
compared with the other samples. In th i s case i t i s feasible 
that coal rank i s a dominant factor i n so f a r as the low 
shear strength properties of t h i s material are concerned.* • 
The three highest ranking ex-washery samples a l l 
showed reasonably similar shear strength characteristics, with 
peak values f o r ^ ' varying from 38 to 42°, and the values for 
j { ' at the end of the tests varying between 31o5 and 35° 
(Figures 3.3 and 3«4). With a l l , the extent of material 
breakdown was l i m i t e d (Figures 3.6 smd 3-7)• . 
The samples from Askern and Ollerton proved.to have 
similar shear strength characteristics. For the Askern 
material ^' dropped from 35° to 22° during the teat, and the 
corresponding range with the Ollerton discard was from 37° to . 
26° during the 12-inch shear-box t e s t . With these samples 
should be included the sample from Orgreave t i p (Figure 3«4)* . 
Although the rank coding of the Orgreave sample should place 
i t i n the high rank group, the mechanical behaviour implies 
that t h i s sample should be grouped with Askern and Ollerton, 
• to v^which i t i s regionally and mineralogically close. There 
are two possible explanations f o r t h i a . One ia that the rank 
factor i s i n s i g n i f i c a n t , and geographical factors (hence 
mineralogical composition) are more i n f l u e n t i a l . Alternatively, 
i t s shear strength properties were reduced during the period 
* Previous work on 'fine grained' i n s i t u s p o i l from L i t t l e t o n 
spoil heap favours th i s suggested rank dependence p o s s i b i l i t y 
f o r the low rank West Midlands spoils. 
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of b u r i a l i n the heap. The effect of burial i n a t i p has 
already bieen investigated (Taylor and Spears, 1972), and from 
'thatj investigation i t can be concluded that once material i s 
deeply buried i n a t i p , then breakdown i s very limited. I t 
thus seems reasonable to assume that i n thi s case the regional 
factors are more dominant than coal rankj^ 
4.2 Shear strength dharacteristics 
This series of tests has brought to attention 
several pertinent features. 
( i ) The peak strengths show a much greater degree of 
uniformity than the regional variations of McKechnie Thomson 
and Rodin (1972) could be expected to produce (^ ^ varying from 
25 to 40°). 
( i i ) Particle size and grading are significant factors 
a f f e c t i n g the shear strength properties. 
McKechnie Thomson and Rodin (1972) show a reasonable 
correlation between the peak strength and the proportion of 
the material passing the B.S. No. 200 sieve (75 microns) at. 
the end of the te s t . For the current test series, such a 
correlation i s possible (95 per cent confidence l e v e l ) , but 
s t a t i s t i c a l l y , t h i s confidence level i s not high. Figure . 
4.1 (a) shows a graph of peak strength against percentage 
passing the No. 200 sieve. The s t a t i s t i c a l correlation 
(Table 3'6) gave a highly significant (99.9 per cent confidence 
lev e l ) correlation between the degree of shear strength 
reduction after one metre displacement i n the large shear-box 
and the content of fine material before the test started. This 
i s i l l u s t r a t e d i n Figure 4.1(b). 
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(A m V c *• 
(A 
O 4> C 
in 
o 
Q. 
80 
60 
40 
20 
normal stress:80 3 tiN/fn2 
0-ft 
a a 
10 ' 20 30 
(Q) 
percentage finer than 75microns 
after la-inch shear-bOK test 
( b ) 
4 8 12 
percentage finer than 75 microns 
before test 
Figure 4.1 
-65-
S t a t i s t i c a l analyses revealed that other grading 
parameters, especially the Trask sorting coefficient, 
correlate closely with the shear strength properties (Table 
3.6). 
I t has been mentioned e a r l i e r (Section 3.4) that 
those samples which contained the greatest proportion of fine 
material a f t e r the tests a l l exhibited an i n i t i a l rapid post-
peak drop i n strength a f t e r a displacement of only a few tens 
of millimetres. I t is f e l t that a material with a high fines 
content w i l l enable small local shear planes to form. This 
early formation of small areas of shear plane results i n an 
early drop i n shear strength. Further shear strength reduction, 
however, depends on the breakdown of the intervening regions. 
4.2.1 Shear strength reduction 
A c r i t i c a l factor i n shear strength reduction is the . 
normal stress used i n the test. I t is apparent from Figure 
3.41 that f o r the material tested there i s a transition i n the 
2 
rate of breakdown at a normal stress between 133-7 and 350 kN/m , 
Further increases i n normal stress cause l i t t l e further 
increase i n the rate of breakdown, but instead cause lower 
values f o r shear strength through the reduction of the i n i t i a l 
peak strength. I t i s possible that the degree of strength 
reduction may not have been f u l l y realised due to disturbance 
of the specimen i n a reversing shear-box. 
Nevertheless, i t i s reasonable to suppose that 
somewhere i n the normal stress range of 200 - 300 kN/m , 
material breakdown due to the stresses produced by the 
shearing action i s becoming si g n i f i c a n t . A few of the e a r l i e r 
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small shear-box tests revealed an increased rate of strength 
reduction at the higher stress levels then used (e.g. Figure 
3.29), but by the stage i n the test when.such stress levels 
were reached much of the i n i t i a l breakdown had already taken 
place. 
At the normal stress levels used for most of the 
i n i t i a l small shear-box tests, which were mainly below 200 
kN/m , the principle agent producing material breakdown was 
i n t e r - p a r t i c l e a t t r i t i o n . An exception to this was the Birch 
Coppice material, with which extensive shear strength 
reduction took place, even at the lower normal stress levels, 
i t appears that t h i s material is generally mechanically 
weaker, and major breakdown can take place under normal 
stresses of only about 100 kN/m , or even lower. 
The shape of the stress-displacement curves of 
Figure 3.4I suggest that i t may be possible to closely 
approximate to these curares by an exponential equation of 
the. form: 
shear stress = (SSP-SSR).e +SSR 
where: SSP = peak shear strength 
SSR = residual shear strength 
k = a constant 
D = the displacement 
p = a constant 
I t is possible that either k and/or p may.be normal stress-
dependent. Further work may show that a basic set of normal 
stress-dependent constants can be derived f o r a given 
material. Further expansion of the basic equation would be. 
to allow f o r • 
needed, however,^the v a r i a t i o n of peak stress with normal . . 
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stress. Figure 4.2 shows the effect of varying the value of 
k i n the above equation. The Figure shows that the curves are 
of the same basic shape, but are of dif f e r e n t amplitudes 
along the displacement axis. Figure 4.3 i l l u s t r a t e s the 
effect of variations i n the value of p. The shape of the 
curve i s altered. Observations suggest that a value of p . 
of between 1 and 2 would be of the correct order. 
4.2.2 Shear plane development 
The range of test results obtained have provided 
some indication of the processes involved i n shear plane.-
development. 
The evidence suggests that the f i r s t stage i s the 
formation of a shear zone, i n which .the shearing movements and 
the stresses involved cause material breakdown. In this zone 
w i l l , occur minor 'riedal' shears as occurred with Morgenstern 
and Tchalenko (1967), although the nature of their work was 
somewhat dif f e r e n t to the present investigation. The riedal 
shears may well develop i n zones where s u f f i c i e n t fine material 
has been concentrated. As these minor shear planes develop 
i t i s presupposed that the overall shear strength w i l l drop. 
Increased stresses should consequently be placed on the 
intervening regions, such that these w i l l breakdown and 
enable the formation of a .single shear plane. The f i n a l 
breakdown may.be a sudden process, as is possibly demonstrated 
by Figure 5.37.. 
The result of the small shear-box test on the 
Ollerton material (Figure 3.33) suggest that other additional 
-68-
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mechanisms may be involved i n shear plane development. This 
sample showed a much higher cohesion than any other of those 
tested.* For this sample i t is thought that shear plane 
establishment was taking place, but was not complete when the 
test was terminated. The intervening zones, which would 
contain a considerable amount of clay material resulting from 
breakdown (predominantly i n t e r - p a r t i c l e a t t r i t i o n i n th i s 
t e s t ) , could well be responsible for this cohesion. Further 
shearing wiauld break through these zones, lowering the 
cohesion, but l i t t l e further reduction i n the value of 
^would be expected. 
4.2.3 Residual shear strength 
Tests i n a reversing shear-box are unlikely to ever 
reduce a material to i t s lowest possible shear strength. The 
effects of the shear-box i t s e l f are most significant at low 
normal stresses. At very high normal stresses the shear-box 
effects are proportionally much reduced, and thus much lower 
"residual" values have been obtained than f o r tests at. the 
lower stress values. Observations on sheared samples have 
revealed that f o r a distance at either end of the sample 
approximately equal to the displacement, no shear plane had 
developed due to the disturbance by the box, even though a 
well-developed shear plane existed i n the centre of the sample, 
I t i s expected that with a suitable shear-box (e.g. 
* The general order of thi s intercept i s not dissimilar to 
some of the Yorkshire Main values (Taylor and Spears, 1972), 
£ind i s too high to be ignored. 
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a ring-shear apparatus), the disturbance effects would be 
much reduced. Then, with s u f f i c i e n t displacement', the shear, 
strengths f o r any value of normal stress should f i n a l l y 
converge onto the same residual value. An indication of this 
i s a test on Aberfan material by Bishop (in. press) using a 
r i n g shear apparatus. In thi s t e s t , at a normal stress of 
100 kN/m , the shear strength of material passing a No. 7 
B.S. sieve (2.4 mm) had been reduced to give a j ^ ^ of 20°' 
aft e r a displacement of one-sixth of a mile (270'metres)',,, and 
was s t i l l dropping when the test was terminated. The writer 
feels that the breakdown i n . t h i s test would be due to a t t r i t i o n 
only, and a three- or fourfold increase i n the normal stress 
would reduce the displacement required by. at least an order' 
of magnitude. I n the present series of tests values of 
below 20° have been attained with displacements of less than 
0.25 metres, although the material i n thi s case had an 
i n i t i a l maximum size of 1.2 mm. 
The li m i t e d number of tests performed suggest that a 
given shear plane w i l l provide a linear f a i l u r e envelope 
> . . different _. _ (Figures 3.38 and 3.43). This i s a completelj/condition from I 
the formation of a curved f a i l u r e envelope by tests on 
di f f e r e n t samples. In the l a t t e r case, each test i n a 
reversing shear-box w i l l reach i t s equilibrium condition (see 
SRction 1.5) when sample disturbance caused by-the reversing 
shear-box w i l l counterbalance any further reductions i n 
shear-strength. The linear f a i l u r e envelopes have been 
obtained by forming a shear plane at a high stress level and 
then t e s t i n g at reduced stress levels, where further reduction 
i n the strength of the shear plane i s unlikely to take place. 
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I f the shear plane i s tested at a higher normal stress than, 
that at which i t was formed, then further reduction i n shear 
strength may occur as the increased stress levels cause 
further material breakdown around the shear plane. 
The suggestion behind t h i s i s that the lawa of • 
simple mechanics can be applied to a f u l l y developed shear 
plane, which can be treated aa the interface between two 
a l i d i n g bodiea. 
4.3 ImplloationB of the reaulta I n t i p deaign and oonBtruction 
For moat diacarda the current aeries of testa have 
ahown that at lower normal atreaa levels a reduction i n shear 
atrength ia l i k e l y to be l i m i t e d , even for moderate 
diaplacementa (e.g. 1 metre). The implloatipn of thia la that 
vehicular a c t i v i t y during emplacement or regrading operatipna 
ia not l i k e l y to cauae the development of shear planes i n the 
majority of new or exiating t i p a . 
However, the extreme low rank material deaervea 
special care, f o r the ahear atrength characteriatica of auch 
materiala atand out aa being eapecially poor (e.g. Birch 
Coppice, Figurea 3»3f3«4 and 3»5). 
More si g n i f i c a n t from the design aspect, howevdr, 
i s the effect of normal stress on the rate of reduction of , 
shear strength. The few tests performed at the higher 
normal stress levels indicate that displacements of only a 
few metres are required to reduce shear strength considerably 
at the stress levels involved i n the body of the t i p . (e.g. . 
at ff^' values above about 3OO kN/m ). . I t may prove possible 
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to relate the reduction i n shear strength to the normal stress 
and the displacement involved, but t h i s w i l l require a further 
research programme. However, i f such a relationship did 
emerge, i t would enable shear strength to be estimated within 
reasonable l i m i t s f or a given displacement. 
Perhaps i t should be reiterated that the discards 
and t i p s (such as L i t t l e t o n ) i n the West Midlands do present 
t h e i r own special problems, and even limited regrading .->; 
operations may be s u f f i c i e n t to i n i t i a t e a fully-developed 
shear plane with j^' tending to a low residual value (15 - 17°). 
Moreover, i f future 'tipping' of these'unique. low ' . 
rank discards is contemplated on a large scale there may be 
some merit i n attempting to ascertain more precisely the 
weaker components from the stronger ones. 
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- A l l -
AFPEEDIX 1 
Computer progreun used f o r p l o t t i n g 12-inch shear-box 
r e s u l t s 
C 
r \i 
C 
c 
c 
c 
c 
c 
c 
23 
C 
2^ 
26 
25 
r 
C 
c 
THIS PROGRAM PLOTS SHEAR BOX RESULTS USING MTS f. 113C PLOTTER 
rjVL = ORIGINAL VEPTICAL LOADING 
nSSR = ORIGINAL STPTiSS PcADfNG 
QSNR = ORIGINAL STRAIN PEACING 
SSR = STRESS READING 
SNR = STRAIN RtACING 
AA CONTROLS ZERO SHIFT FOR GACH SET OF READINGS 
PFNMBR RtOUIRtS DOUBLE PRECISION 
P£AL*3 QO 
PcAL*3 PR 
R?:AL*4 K1,K2,K3,K^ 
PEAL -'=3 I T L E ( 7 ) 
Rt AD(5,2)(ITLE(I),I=1»7) 
FORMAT(7A8) 
W R I T c ( 5 , 3 ) l I T L E l I ) , 1 = 1,71 
F O P M A T C , 7 A 8 ) 
AA=-.l 
MM,MMM CONTROL LOCATION. IN STORAGE ARRAYS 
MM = 0 
ARRAYS CCNTAINING PLOTTING DATA 
TC ZERO 
DIMENSION X(60C),Y(60G) 
X,y AHf STORAGE 
SKT THc ARRAYS 
\) L = l,60:' 
x ( i , )=0 
Y ( L I = ; 
CONTINUE 
N IS THE NUMBER OF SETS GF READINGS 
RLAD(5,23) N 
FORMAT(12) 
DO 99 1=1,N 
M IS THtf NUMBER OF READINGS IN EACH ScT 
KcAC(3,24)M,0VL,0SSR,nSNR,Kl,K2,K3,kA 
F0RMAT(12,3F5.1,4F7.2» 
WR I T E ( 6 , 2 6 )«,0VL,0SSR,0SNR 
FOPMATCIHO,I3,3F7. I ) 
DO 51 J=1,M 
N'.M = MMM + J 
Pt}AD{5,25)SS«,SNP 
FOR^1AT(2F5.l) 
A = STRAIN IN McTRFS 
A= ( SNR-CSNR ) 1 I .f. c-O 3 
A1 = A 
R = EFFECTIVE AREA OF BOX IN SO METRES 
B=0.3 0 ' fe*0.3r;4 8 
C = LOAD IN KN 
C=(3SR-0SSR)^K3/K4 
D = C/B 
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D = SHfAK FCRCf (LOAD / / I P L A I 
f : = v e R T I C A L LOADING . 
Z = C / t : 
A PLOT OF D/E DOES NOT NORNALLY tXCEtD OMfr 
PHlK=aTAN(Z) " 
PHI=PHIR'^iaO/3.1^l5?2 
WPi rE(.>.,100)SNR,SSR,A,Z,0,PHI 
h. ; FOPHAT ( • '.'SNP. = ' ,F12.2 , ^ X , • SSR = • , F12 .2 ,'tX , • A = SF12.5,AX, 
I'U/F = • ,F12.".,^X,'D =',i=12.5,3X,«PHI =',F3.3) , , 
•• / i = AfAA . 
Y|MM).= Z 
51 CCNTINUE 
C SHIFT OF^GIN BY DISTANCE BOX HAS TRAVELLED 
AA=AA+Al 
rONTIMUF 
C 
c • 
C PAXIS(ABS XO, ABS YQ, TITLu» NCHAR, AXLTH, THKTA» XMIN, 
C bC FACT, U MARKS) 
C PLTQFS((XO, X SC FACT, YO, Y SO FACT, XC ABS, YC ABS) 
C PSYMECX SYM0 ABS, Y SYMB ABS, HGHT, WORD,THETA,NCHAP) 
C PLINE (XAPRAY, YARRAY, NDATA, SPAC,. PLOTTYPE,SET COORD TYPE) 
c • 
XX = FLCAT (N )••!'!..•. 8 
K 9 = I F I X ( X X ) 
PL=FL0AT(K9)+1 . 
XW = P L / 2 . - 3 . f i 
XZ=PL/2.-2. 
CALL PLTXMXIPL) 
C PLOT X-AXIS 
CALL PAXIS( 2.0,2.0,' • ,-1 , PL ,( .0 , Q .0 ,0 .0o25 ,0.8) 
C PLOT Y-ftXIS 
CALL PAXI S(2.0,2.0 • , 1 .--^  .0 ,90.0 ,0 .0 ,0 .25 ,0 .4 ) 
yY=l.Q 
DO J J = l , 6 
CALL PFNMBR(1.3, YY,G. lG,PP,lj.O,'F.?, 1*',1.GI 
YY = YY+.!.8 
RR=RR+',).2 
998 CCNTINIJt 
C DLflHc PLOTTING SYSTEM 
CALL PLTOFSC-.0,0.0625,0.f ,0.25,2.0,2.0) 
CALL P3YHB( 1.0,3.0,-0,2, • STRL-SS R AT 10 • , 90 .0 , 12 ) . 
CALL PSYMB(1.5,2.5,-0.15,« (SHFAR STR£SS/NORf<AL ST RESS ) ' , 90 .0 , 28 ). 
CALL PSYMBiXW, 1.2,-0.2, •FORWARD D I SPLACEr<ENT IN ME TRE S • ,0. 0 ,30 ) 
CALL PSYMR{XW,7.5,-0.22,ITLE,0-.n,56) 
CALL PSYHB(XZ,8. 1 ,-0.2: 12 INCH SHEAR BOX TcST• , U.0,22> 
CALL PSYMB(9.0,9.5,-0.25, 'DGL 13',C.C,5) 
C PLOT POINTS 
CALL P L I N t ( X , Y , M , M , l , - l ,C3,1.C) 
CALL PLTEND 
CALL i:'XlT 
tr-ID 
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APPENDIX 2 
Shear-box t e s t r e s u l t s 
Note: The f i r s t p a i r of values i n each set are the i n i t i a l 
peak readings. The values t h e r e a f t e r are. the f i n a l 
shear stress r e s u l t s f o r the. normal stress recorded.. 
12-inch shear-box 60mm shear -box 
sample normal stress shear stress normal stress shear stress 
Cynheidre 80.3 61.3 133.7 95.6 
240.3 130.2 200.1 106.2 
160.3 89.3 128.7 78.6 
80.3 . 42.4 61.3 42.3 
Morrison . 80o3 72.7 133.7 93.2 
Busty 
80.3 62.4 188.7 107.4 
16U.3 109.7 155.7 79.8 
267.1 169 .1 87.8 59.1 
18.2 8.1 
Bersham 80.3 66.7 155.7 104.3 
160.3 100.2 160.5 87.8 
. 53.6 35.7 133.7 73.4 
240.3 136.6 55.6 25.8 
347.1 180.3 
80.3 49.2 
Orgreave 80.3 64.5 155.7- 104.5 
. 267.1 108.7 188.7 75.7 . 
160.5 . 76.2 155.7 59.2 
80.3 43.7 87.8 44.1 
55.6 21.1 
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12-inch shear box 60mm shear -box 
sample normal stress shear stress normal stress shear stress 
Easton. 80.5 64.6 155.7 104.6 
240.5 166.6 155.7 96.2 
•160.5 112.2 87.8 54.1 
• 80.5 52.7 
Askern 80.5 57.9 155.7 95.2 
520.4 127.9 502.5 95.1 
240.3 , 92.8 225.7 72.5 
160.3 65.2 110.1 50.2 
80.3 54.9 
53.6 24.6 
O l l e r t o n 80.3 61.4 153.7 98.7 
520.4 141.6 285.4 142.3 
240.5 109.9 236.8 116.2 . 
160.5 74.7 212.2 105.9 
80.5 • 42.9 188.7 94.5 
160.5 84.1 
135.7 76.8 
61.5 56.9 
35.6 .47.2 
17.0 36.7 
B i r c h 80.5 56.8 .153.7 98.7 
Coppice 
520.4 85.5 285.4 74.5 
240.5 66.0 256.8 63.2 
160.5 45.5 200.1 52.1 
80.5 21.7 155.7 37.5 
55.6 15.6 
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